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abstract 


'n„ $ y for m ” 8n " ic Md 

H Q pictures obtained at Big Bear Sof.r Observatory The ,°T Md result, with 

of the magnetic field structure (i.e potential anH „ * r " * ts are presented for the evolution 

current distribution, I, show, ha, the C, on of th ^ Md >. ”**”'*« «nergy, and 

related to the location of the high inte^.tv of thl ""T"* * » f 1 ">« "*™ are approximately 
amount of energy hr fo t ee.fre, field, is more than adeguT. “ h “ ““ 

1. INTRODUCTION 
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class M flares and ten were class X. The data anaTvsi, 1 1 S ° me 200 flare «- of which fifty were 
from B ig Bear and Huairou SoUr “ the basis of the observations of this region 

and flare locations is presented by Wang el al h/ T n !£° tS m ° t,0ns ’ ma « netic field morphology 
magnetic structures, current distributions „d liable enerev'f’ J? “ anal ^ is •£ 

To achieve these goals, we employed a recently develon H 6 °r h * * region 1989 March 
/2/ to extrapolate the magnetic field configuration up to I ^ (NLFF ) model 

vector magnetograms obtained at Huairou Solar Ob^UorT U § !t ( '“ 30 ’ 00 ° km) USing the 
field configuration, we deduced the current systems and „ ? T. U 6 theS * com P uted magnetic 

procedures for the extrapolation of magnet Z fiZ “ energy of this active region The 

3 and discussed in Section 4. P y lnt erpretations are presented in Section 


MAGNETIC FIELD EXTRAPOLATION PROCEDURES 

To understand the physics of an active region th* «f i . 

formation of hot plasma loops, it is imperative that we studv^" / hT* ° f ***” ener Sy, and the 
solar magnetic field. Up to date, the technique used To It d and determme the structure of the 
ed structures is the potential field model given by Schmid// det * rmine the solar magnetic 
energy and zero electric current state. This approlimau/f V represents *h« minimum 

of the solar magnetic field in an active region^Reren/ w* * realistic representation 

model which is an order of magnitude better ih* * U e ' al /2/ P TO P°^ a NLFF field 
a description of the current system ^ f ! Cld m ° deL This model ^es 

the force-free condition (i.e. 0 = itenkT n TU a * reallshc 3oIar atmosphere under 
nonlinear force-free model are presented in reference 2 w^hl) deS . Cription and accuracy of the 

8Umm arize briefly the procedures to operate th"s method f T them here Howev «- 

-msr 13:9- j P thlS method as f °fiows: we take as boundaries the 
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force-free field (NLFF) model, we have used it to compute the potential field configuration in 
comparison with Schmidt method /3/. These results clearly indicate that the magnetic field 
configuration in the potential field approximation derived from NLFF and Schmidt models give 
identical results which we have not shown here. 

As soon as we verified the numerical code for NLFF model, we used this code to extrapolate the 
magnetic field configuration and deduced physical parameters such as total available energy and 
currents for NO A A AR 5395 during the period 9-15 March 1989. However, we only selected 
the most important results to present in this short paper. More detailed results will be presented 
elsewhere. Figure 1 shows the evolution of the three-dimensional magnetic field configuration 
from 10-11 March 1989. In this figure, the left panel is the potential field representation of the 
extrapolated field, the middle panel is the Ha filtergram and right panel is the nonlinear force-free 
representation of the extrapolated field. From these results, we note the following: 

i. The potential field representation does not resemble any of the fibril and loop structures observed 
in the Ha filtergrams. In addition, we notice that there is no significant change in field 
configuration during this period. This is because in the potential field representation only the 
observed line-of-sight of field component is used, any the change in the transvers field is not 
included. In fact, it is known that the variation of transverse field is significant. This is shown in 
the nonlinear force- free field representation. 

ii. The nonlinear force-free field representation resembles some of the fibril and loop structures 
observed in Ha filtergrams. For example, if we compare the results shown by Ha filtergrams and 
nonlinear force- free field for 10 March 1989 0600 UT, we immediately notice that the features on 
the right upper and lower corner resemble each other. Similar loop structures are also shown in 
the upper right and left corner and lower right corner of Ha filtergrams and nonlinear force-free 
representation on 11 March 1989 0226 UT in Figure 1. 



Date(day) 


Fig. 2. Computed total available energy for the NOAA AR 5395 during the period 10 - 15 March 
1989, where the solid line respresents the total energy computed from NLFF model and the dotted 
line represents the total energy computed from the potential field model. The difference of these 
two is the total available energy. The * indicates the occurrance of the flare. 
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Fig. 3, (a) The location of the 10 March 1989 
current intensity. 
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(indicated by (0)) and (b) the computed total 


UTS U MTch n i989 f ° r F ' frM reP r entat L° n ’ WC feVeal the Chan «* of th * ‘OOP structures from 
° uu u For exam P le > on the U PP« right corner, the large loop system seen on 

corn^^'bt HaS tr reP aCed by B ratHer Sma11 Ioop system on 11 March. On the upper left 
r leT not ™ ch lo °P “ r" ° n 10 March ’ but a hu g* loop system appeared on ll March To 
understand the geometric size of these loops, we should refer to the dimension of . t l *• 
which is 310, 000 x 310, 000 x 31, 000 km. d»mension of extrapolation 

NnYI Ap h r°,T c J he t0ta ‘ ma 6 netic energy for potential field and nonlinear force -free field for 
NOAA AR 5395 from 10 - 16 March 1989. The available energy is simply the differenc/bTtween the 
nonlinear force- free energy and potential field energy. To calculate this total energy is integrated 

fc OVer the volume of thls act » y e region as quoted above. Finally we show the flare iLinn (\ A 
current distribution (b) in Figure 3. It appears that the flare ^ 

was at or near maximum value. However, we can only show the maximum current intensity is 
merely a necessary condition for flare occurrance. ^ 
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CONCLUDING REMARKS 


NOAAT^r thC magnetlc struc tures, current system and total magnetic energy of the 
\° AA j AR 5395 by usm S the nonlinear force-free (NLFF ) model given by Wu et al ( 19901 The 
study demonstrates that this newly developed NLFF model does provide new physical features 

portion of" 01 b<! 9 u° Wn A b /n he m ° 9t currently used Potential field model. We have only shown a 
Tlsewhere ° f “*** r * gi ° n fr ° m 9 * 16 March 1989 be presented 
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ener8y , in f ° rCe ' free C ° r0Ml raagnetic fields wuh a Pholobpheric 
vekKUy field. Two-dimensional linear and nonlinear force-free field models are analyzed. 

n ’ovesligates ow magnetic diffusion in photospheric plasma could affect the 

fi^r field Some phys,cai imp,icat,on ° rthis •“* *■» * 


2. Magnetic Energy Buildup 

In active regions, the coronal plasma is usually dominated by the magnetic force (fi-tl, 
The magnetostatic state can then be described by the force-free equation, which is 


v x B = aB 


( 1 ) 


where ois a scalar function of position. Equation (1) denotes the magnetic configuration 
where the electrical current is parallel to the magnetic field. It is easy to see that 


B • Vx = 0 , 


( 2 ) 


“ md ' c , a ‘ es lhal a 15 conslam alo "S individual magnetic field lines. Although 
Equation I ) has a simple form, to derive its general solution is difficult because of fts 
nonlinear, ty^ The simplest case occurs when a takes the same value on each field line 
q a ion ( ) then defines a so-called linear or constant-* force-free field. The analytical 
olution for a two-dimensional magnetic arcade is well known: 


B x= - — B 0 cos - x e~ :/d 
nd l 


( 3 ) 


*y - - I " 


2^2 


n 2 d 


1/2 


7T 


B 0 cos - xe ~ z/d , 
/ 


(4) 


71 


B, = B 0 sin — x e ~ z,d . 


( 5 ) 


of each hbfl fi m'r S C ' n x ' direclion ( Priest . 1982), and / defines the width 

of each bipolar field (see Figure 1). It is required that /< nd The situation that / - nd 

Is current-free field (B, = 0). The inclination of the field lines to the v-direclion 


a, . , (* 2 d 2 V ,! 

4 > = tan — - 1 


from which we have 


h 


( 6 ) 


d = 


l 

n coscp 


(7) 
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We may rewrite Equations (3)— (5) in the form 


n 


B x = - cos <p B 0 cos — x e zn co *W , 


( 8 ) 


n 


B v = -sin0Z? o cos - x e 2ncos< t>n ? 


(9) 


B . = B 0 sin - xe -:*cos4>/i 
This constant-a force-free field solution has 


( 10 ) 


rr 

a = — sin d> . 

1 

The magnetic energy density is 
B 2 Bl 

_ ^ ^ - 2r 7T COS (p i 

871 8 7T 


(ID 


( 12 ) 


which is a function of z only when the width / and the inclination angle (j> are given. We 
can calculate the total magnetic energy per unit length in the ^-direction for a single 
bipolar field by integrating Equation (12) in the domain x = -112, Ij 2; z = 0, oo. We 
obtain 



COS (j> 167T 2 


(13) 


Since the case <p = 0 represents the current-free state, Equation (13) can be rewritten 
as 


E = — , (14) 

COS(p 

where E u is the magnetic energy of the current-free state. Equation (14) shows how the 
shearing motion increases the coronal magnetic energy in the situation where the 
5_-component at z = 0 remains unchanged. We find E = 1.06, 1.31, 2, 5.8£ 0 for 
(p = 20°, 40°, 60°, 80°, respectively. When 90°, E -> oc. 

We consider that the magnetic field is initially in a current-free state and then evolves 
quasi-statically to force-free states due to slow photospheric motion. We assume that 
the maximum velocity at the boundary x = 1/2 is r max and the photospheric velocity field 
is linearly symmetric to the origin of the coordinates as shown in Figure 1. We have 


Y = - tan <p , 


(15) 
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L max 


dr _ / 

d/ 2cos 2 0 d/ 


d <p 


From Equation (14), we obtain the magnetic energy change rate 
d£_ 2 

d/ J L max sin 0£ o . 

rr u C 

IHhe length of the magnetic arcade in the 

energy ,n the current-free state is approximate^ '* ab ° U ‘ % the total ma g"el 

Bl. 

l6 * 2 („ 

In the case that / = u v 

'max = I km s~ to build un m an - 1000 G, we get W 0 = 4 3 x in 3 i 
about 4 hours. amount of free magnetic energy K (* , 60 = )n * d 

« a, '( 1 984) S ca e rcufate°d ^configuration mentioned above, Wt 

modelmg and obtained similar results The ,, 1 r iare -P r ° d nctive region by numerical 

■s restricted by its periodic boundary c 0 ^^MdPKxIdd*,,^ ^ 
dependence of the photospheric velocity field in V Jr ' direction and the linear 
techniques have been developed in recent 11 A ' coordin: >‘c- Several numerical 

an^^ntk^^^qgg 6 !^^ 0 ^^ 0 ^® ^^nrona[ S magnetic^fieWr(e r g..^ang^Slum)ck^ 

~ — 
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a potential field to a sequence of force-free fields. In the following, we adopt the 
two-dimensional magnetic field model previously used in deriving an empirical formula 
of estimating magnetic energy in a sheared field (Klimchuk, Sturrock, and Yang, 1988). 

The magnetic field model is two-dimensional, B(.x, z). The ^.-distribution at r = 0 is 
assumed to have the form 


B_(x,0) = B o — e 

-v-2 


(19) 


so B, changes sign at .x - 0. The shearing displacement of footpoints in the ^-direction 
is represented by 


y(x, 0 ) 


>’ 0 + Y sin 


= < 



0, 



\x\ </; 

1 x | > / . 


(20) 


The force-free field solution for the half-space domain (r > 0) can be obtained numeri- 
cally by the so-called magneto-frictional method. However, the empirical formula 
derived would be convenient for the purpose of this study. The total magnetic energy 
on the base of both sheared and non-sheared fields can be estimated approximately by 


E(S) - £ 0 [1 + a ln(l + £S 2 )] , (21) 

where E 0 is the energy of the current-free state (Y = 0), 5 = Y/x 0 , a , b are parameters 
which depend on the field configuration. The energy buildup rate is 


d £ _ 2abSE 0 dS 

d/ 1 + bS 2 ~dt ' ( 2 2) 


To build up n - times magnetic energy in the field (i.e., £ = nE 0 ), the maximum dis- 
placement of the footpoints is 


[e ( "-D/« _ i]i/2 


(23) 


and the time needed is 


* = YK 


(24) 


where £ max dT/dr is assumed to be constant. Using the results given by Klimchuk, 
Sturrock, and Yang (1988), we have a = 0.8156 and b = 0.8318. From Equations 
(21)-(24), we found that it takes ~ 3 hr to build up magnetic energy by a factor of two, 
£ = 2 £„. with r max = 1 km s” 1 and ,v () = / = 4 x (1.6 x 10 3 ) km. 
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£B 
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v x (V x B) + v v 2 B . 


(26) 
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where t] is the magnetic diffusivity. We assume that the magnetic fields beneath the 
photospheric surface have r-component only, which has the same distributions of the 
force-free magnetic field models (at r = 0 plane) as adopted in Section 2. Since the 
photospheric shearing velocity v is set in the ^'-direction, in the present study 
Equation (26) could be reduced to a simple form of a one-dimensional diffusion equation 


cB. d 2 B . 

— 1 = > 1 1 

a cx 


(27) 


In fact, the diffusion occurs in two uncctions on the Sun. The adoption of one dimen- 
sion for the present study is merely for mathematical convenience and to understand 
the insight of the first-order physics during the process. For the periodic linear 
field model, the initial field is assumed to be 


B. = B 0 sin 



(28) 


We obtain the solution of Equation (27), which is 


B z = B u sin 


n 


x exp 


— Yi — t 

r- 


(29) 


The magnetic field maintains the sinuous distribution, while its magnitude declines 
exponentially with time. We then assume that the coronal magnetic field evolves through 
consecutive force-free states corresponding to time-varying B.(x, 0, t). Its magnetic 
energy then varies in the manner 

E = — - exp ( - — yi) (30) 

cos <p \ I J 

and 

d E E 0 ( In 2 \ ( In 2 \ 

— = ; "I tmax sin2tf>- — r \ ) exp { r]t\ . (31) 

d/ lcos(p\ l J \ /- / 

Equation (3 1 ) includes the influence of two factors : shearing by the photospheric plasma 
increases the energy in the coronal magnetic field; and photospheric diffusion reduces 
the field energy. To keep the magnetic energy, £, increasing with time requires 


v 


max 


> 


2n 2 yj 
l sin 2 (p 


(32) 


In the following, we compare four situations, in which t] takes the values of 
10 9 m 2 s" \ 3 x 10 s irr s“ ', 1.5 x 10 s m 2 s" and 0, respectively. Figure 2 illustrates 
the decrease of the magnitude of the £_ max /5 0 -distribution at r = 0. Then assuming r max 
equal to 1 km s~ 0.5 km s‘ 0.1 km s' 1 , we calculate the variation of magnetic 
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3 X I0«. and U ^ takin * * = '0'', 


and 3(c). I„ comparing these results, we notice tha th' T , " RgUres 3 < a >' 3 <b). 

decreases for large magnetic diffusivity For exam^Vh energy in ' he C0r0nal field 
■ndtca.es that a fas. photospheric vlcto fciTn t T' ° f ’ ' 3 x 
magnetic energy in the corona; however the enernv dec" 1 ' ’ u ^ '° mCrease lhe 

becomes too slow (e.g„ 0. 1 km s - ' W rMSeS when the faring motion 

boundary. The distribution of the 


B . = Jo. 


ht 


1/2 


the photosphere evolves 

Cexp(-^2 + b {_ e ) d £' 


as 


( 33 ) 


where 


c = 


_ - Y o + 4tjt 


d = 


i-2 


4 1' x o ’ 2^ 


c = 


4 qt 
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Fig. 4. ^.-distribution varies with time at » 0 for . - in» Th» - 
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Applying Equation (2„, where the nortnaliaed shearing extent is tnodified as 
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/% 
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[y(x, 0)/x] 2 [B : y- d.x 


A 

f 


[B ,] 2 dx 


1.2 


( 34 ) 
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m ( the corona^regi om ' * Th e^ magne t ^ e n er ° TilT' ^ 60,1311065 deCtric CUrrentS 
magnetic field and velocity field \he linear^force f ^ ° n the P h °tospheric 

the situation of a bipolar Lgnetic field / T 6 * fidd model simulat « 

interaction with the boundary durine th C °i! ' 3 ^ n " e lx,undar y. which involves 
•he nonlinear field ntode of Set ion", ' $ ea ™ 8 Pr ° CeSS ' The ma8 " dic fidd °f 
their footpoints rooted 1 Xlph^ e Wh° T* ” 3 h * SpaCe d °™'" 
these two-dimensional mode s hTwt n Z “ ea ™ 8 beC ° meS ■«** 

r-direclion), as indicated by Equation (MJan^tmph^b^EquadM 
ener sy rate, however, behaves differently because of the quallon t- 1 )- Th e increasing 
imposed. From Equations (17) and nl l oflhe dlf1eren l boundary condition 

written in the form ' ^ ^ magnel,c e " CT 8y increase rate can be 


d£ 

dt 


= A E 

L mnx L o i 


( 35 ) 

^oMh h e'i^t n |d°Lod\fbmd 8 eX ' em f /d ' iS mcreasin * with the ^"8 

we use some tvp.da v I" J *£ '[ °' 2* half - Space fidd raodd 

0 km s-t), to create an 1 , rr Md (W00G > and velocity field 

for both cases. ^ magnetIC ener g>' ~ E o takes about 3-4 hours 

obi'lSde^ raagnetic Bolds is inferred from the 

regions. The ques tionTs uh er he ^ “ 3nd the ma 8"«- fidd » active 

energy storage in the corona dT ' n ‘ r ° duCed afe ‘* magnetic 

solving the diffusion equation usinpd'fr ' S ° °' A ^ investigate this problem by 
several authors. The calculations in s' arem Va ues of magnetic dtffusivity proposed by 

diffusion, particularly for the linear fiddTod S | n' 81 "^ 3 "' influence of magnetic 

points are imposed. As a matter of fart f w L™ fi * ed penod,c magnetic neutral 

coronal field always decLTwhen H u ^ ValU£S ° f the magnetic d ^usivity, the 
We further note that in such a situation^lf ^ Sheanng mot,on ,s taken into account, 
in the corona. The amount of fZ § m ° UOn StiH St ° reS free ™«netic energy 

the possible current-free field energy afthlu 6 " 6 ^ 30 ^ CStimated by com Paring with 
with time because of magnetic diffusion of A A Q £ ™ nt ' free fidd energy decreas es 
diffusion relating to turbulent nhntn h * ’ physical nature of magnetic 

exploration of this 5^’^ n ° l d ^.her 

occurrence in the solar active region. Y magnetlc ev °lution and flare 

(nToest^ C ° ndude ° n the basis of th ese results that 
a very important factorlnAc flLtene^y buLTp^ro^ss^ $hear ^ beC ° m£S 
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Numerical modeling of the energy storage and release in solar flares 

s. T. Wu and F. S. Weng 

Cen,erl r ” : 
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(usually 1 reSred^rLHshear mot!on7and IOn ° f the fl photos P heric magnetic fieldline footpoint motion 
<o energy storage in a X “P*" 8 'T Wow ,he surfe “ ™ relation 

magnetohydrodynamic simulations From these results '° nS ' PS are demonstrated by using numerical 
flares is in the form of currents. The dynamS **' *** energy St ° red ,n so,ar 

is discussed as well as how these currents lead to through <hese currents reach a critical value 

currents lead to energy release, such as the explosive events of solar flares. 


INTRODUCTION 

It is understood that the Sun is the primary source of 
electromagnetic energy powering atmospheric and 
oceanic circulation and photosynthesis in the bio- 
sphere. Its continuous corpuscular emission, the solar 
wind, determines the shape and dynamics of the outer 
en velope, the magnetosphere, of Earth's environment 
It is also recognized that the Sun is a variable star ; its 
size oscillates in a variety of modes. Also, it is known 
that various solar processes affect the composition 
structure and dynamics of Earth's atmosphere Earth'^ 
atmosphere is directly influenced by the very complex 
behavior displayed by solar spectral irradiance from 
X-rays through the visible domain to the infra-red. 

We limit ourselves, in this paper, to a discussion of 
a specific topic, the energy source propelling the solar 
flare. It is now generally understood that flare energy 
results from stressed solar magnetic fields. The physi- 
cal processes that cause the solar magnetic field to be 
stressed could be due to photospheric shear motion 
and emerging flux from the convective zone. It has 
been shown both theoretically and observationally 
Z.R.N and Tanaka. 1973; Tanaka and Nakagawa 
1973; Low, 1977; Wu el a /. , 1984; Hagyard. 1990) 
that one of the physical processes involved in the 
storage of flare energy in the solar magnetic field is 
the shearing of magnetic fields due to photospheric 
motion. Z.rin and Tanaka (1973) reported that they 
had observed proper motion of sunspots in relation to 

nQ 7 ?? S I" 3 a re P resentative active region (McMath 
) where flares occurred. Recently, Moore f 1 990) 
has summarized the observed properties for sunspots 
and solar active regions. This summary again shows 
t at there is an intimate relationship between sun- 
spots motion and occurrence of flares. All these 
results are centered on photospheric motion whereby 
the solar magnetic field could be twisted due to the 


interaction between plasma motion and the magnetic 
field. Stresses build up in the magnetic field in such a 
way that the energy needed to propel the flare is there- 
y stored. On the other hand, some observations 
(Rust. 1972, 1974) showed that the emerging mag- 
netic flux also will cause the field to be stressed, with 
a subsequent storage of additional energy which can 
be made available to propel the solar flare. Following 
this observational and theoretical evidence, we suggest 
the following scenario for flare energy storage and 
release : that is, the solar magnetic field will be stressed 
(twisted) due to both photospheric motion (i.e shear 
motion) and emerging flux. When the magnetic field 
is twisted, electric currents are generated. As soon as 
the currents reach a critical value (Wu and Xu, 1992). 
the energy stored in these currents is released and will 
cause the occurrence of one or more flares. 

In this paper, we employ a simulation model to 
illustrate these two physical processes. Section 2 of 
the paper presents the simulation model and initial 
boundary conditions appropriate for this study. Sec- 
tion 3 discusses the numerical results and Section 4 
contains a discussion. Finally, Section 5 presents the 
concluding remarks. 

2. SIMULATION MODEL 

The simulation model used in this study is based 
on ideal (infinite electrical conductivity) magneto- 
hydrodynamics (MHD) given by Wu el al. (1983). 
The basic set of MHD equations adequate to describe 
these physical processes consist of the conservation 
laws of mass, momentum and energy together with the 
induction equation of the magnetic field to account for 
the interaction between the plasma motion and the 
magnetic field. These two-dimensional, nonplanar, 
time-dependent MHD equations are identical to those 
given by Wu er al. (1983) and will not be reproduced 
P*§e**N« PASS BLANK NOT FUMED 
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here. In seeking the numerical solution for this set of 
nonlinear partial differential equations, we are con- 
cerned with an initial boundary value problem. The 
initial condition is the steady-state solution of the set 
of MHD equations. Physically, this solution repre- 
sents an isothermal hydrostatic equilibrium atmo- 
sphere with temperature (T 0 ) being I0 ? K and the 
number of density ( n 0 ) at the lower boundary (i.e. 
)' = 0) of 1 0 1 4 cm “ '. The magnetic field configuration 
which satisfies this set of MHD equations can be either 
a potential or a force-free magnetic field configura- 
tion. For convenience, we have chosen a bipolar mag- 
netic field topology as the initial magnetic field (see 
Fig. 1). Physically, this magnetic field configuration 
resembles a magnetic arcade that is usually observed 
on the solar surface beneath a helmet streamer. We 
chose the mathematical expressions representing this 
magnetic topology to be a potential dipole field given 
by the following equations : 


5 ( ° = B, cos I 1 e -*>/ 2jt o 
\2xJ 


B " = -5, sin I )e"* v/2jt » 
Ux 0/ 


B? = 0 


( 1 ) 


y 




Fig. 1. Schematic description of an axisymmetric bipolar 
magnetic field subjected to (a) footpoint shearing motion at 
the photosphere: and (b) emerging magnetic flux from the 
sub-photosphere in the direction indicated by the arrows. 


where B, is the magnetic field strength at the solar 
surface, the commonly-observed neutral line (i.e. 
v = 0, y = 0, z = 0). 

The boundary conditions used for this calculation 
are identical to those used by Wu et al. (1984). They 
are as follows: the top boundary condition is the 
non-reflecting boundary condition (i.e. where all the 
gradients of the physical parameters are set equal to 
zero) ; the side boundaries are symmetric; finally, the 
lower boundary condition is prescribed on the solar 
surface. The initial atmosphere is needed for closure 
of the mathematical problem. To satisfy the magnetic 
topology which is chosen for this problem, the initial 
atmosphere is isothermal at hydrostatic equilibrium. 

In order to simulate the physical conditions at the 
lower boundary, we describe the cases of photospheric 
shear and emerging magnetic flux as follows. 


(i) Photospheric shear case 

This case is similar to the one described by Wu 
et al. (1984). Here, the photospheric motion of the 
footpoints of flux loops at the base (i.e. at y = 0, the 
x-z plane represents the photosphere) is simulated by 
the following expressions : 


W = W 0 (t) sin 


7T.V 


where 


W 0 {t) = 


2x 0/ 

(‘ 0</^r 

W v , / T 


( 2 ) 


where W< is the velocity along the r-axis as shown in 
Fig. la. This velocity is a constant corresponding to 
the photospheric shear velocity. The magnitude of this 
velocity, chosen on the basis of observation, is a few 
hundred meters per second to an order of km s' 1 at 
the peak of the shearing profile shown in Fig. la. 

(ii) Emerging flux case 

Observationally, it has been shown that emerging 
magnetic flux (Rust, 1972, 1974) could constitute 
another physical mechanism that can cause the mag- 
netic field to be stressed with subsequent relaxation, 
thus propelling solar activity as discussed above. In 
order to simulate this case, the lower perturbed 
boundary conditions are mathematically expressed by 
the following equations . 


5 V = 5,(1 + co) cos 


nx 

2x 0 


5, = —5,(1 + (») sin 


71 X 


xcess Energy ( 10 2 * Erg Km -i 


, '-'viai nare energy 

field strength at the referenc rCpresents the ma gnetic 
w is chosen ^ 

energy supply to the system ° f the Urging flux’s 
equivalent to the shear L?' Th energy su PPly is 
follows : m ° tlon case and is given as 
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semanon of this physical situation is shown in Fig, 


m - -i+yr;. 


0 < t ^ r 
t ^ r 


with 


(4) 



^^■oVjy^o-ZT-oT”' 35 ?X l0 '' 

the present study These vu i ° ’ res P ect >veIy, in 


3 numeric al results 

Jations wcrepTr^med ^Ume^ca, simu - 

via two different physical ttitna^witenef bl "' d ' UP 
due to photospheric shear "° ns (,) ener gy storage 
storage due to emereino lon ’ anc * ^ energy 

photosphere. In ,hes/ ™f" C " C 1 "‘ fr « lh e sub- 
domain has the size of , 'If S,mi,la,io " 

a " d 2 X 10' km in the , d , r l, ‘"V" ,hc 1 d «ction 
dummy variable. The results ffnm'Iu " dlrecl ' on is a 
are summarized as follows • he ' ,C s,mu lations 

m ttrr-***-*~*~-*- 

Plasma Wilh difrerenl '"'"al 

off. = 0.1. the /is “ua , F ° r ,he " a * 

to characteristic Alfven speed and r ° ?aUSS ' leadi "S 
s ' and .70 s. respSS , f T as ' 120 k m 
somewhat smaller ^sooo y , We choose to be 

'he Alfven ' °“ d 

“‘acicnsuc time are ^60 km 


Shear Motion , „ 0 . 0 1Q 
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encrcwf-f Hgllre 2 Shows lhe ««* 

... E> f r " 1 as a finclion of lime due lo a photo- 

sphenc shear motion of I km s' ' for these two differ- 

no iceH?h°, 31 P ' aSma beta <«■ 11 is Immediately 
notteed that most of the energy build-up is stored in 

e magnetic mode. Also, it could be shown that the 

al energy build-up per unit depth in kilometers is 

~20 .tmes btgger for ft = 0.1 (i.e, 24*10” ergs 

^0 x io uTT"" Wi ; h lhc case “ r I'- - 1-0 (i.e. 

I ca T . g km ) after a temporal duration of 
' 50 S -. The e r ner Zy ^owth rate almost becomes a linear 

unetton of o r , cr |j# s Recem|y 

(1988) employed observations to show the cor- 
respondence of flare and filament (current) erupfion 
occurrences. On the basis of the results e ven by 

that them is <l988 ’' WU a " d Xu <I992 > ^own 
and filament mtlma “ relal '°nshtp between the flare 
and filament current eruption, a relationship which 
depends upon the current density 

'r d p r "\ f “" her the “odorstanding of the present 

causedbv h , WS ' hC maximum currcn l density 

fime ltna P t ri P „', riC Shcar m ° Uon « a fonetion of 

A„ain the ft " t, (b) - 10. respectively. 

Again the figure shows that the current density is', 

factor of 4 lamer for li - n l in „„ y is a 

v icr /»„ - U.l in comparison to the 


S-pZoXr dm eme ’ amg ^ 

In these simulations, all boundary and initial con- 
ons are kept identical to those used in case (i) 
except or (he perturbed lower boundary conditions 
which are gtven ,n equal, on (3). Figure 4 presents the 

i and e ” erEy “ S “ rmai °" ° f time r ° r />« being 

currem He FigUre 5 ^ >ho maximum 

current density growth rate for ft, as 0 I and I 0 It is 

again noted that the total excess energy is much bigger 

J" - 01 com Parison to the ft, = 1.0 cas'e. a 

currem n d S ' m ' 3r W H ° WeVCr ' ,he "ax, mum 

ent density and us growth rate are different in 

compartson to case (i). Tha, is. a stronger field 

(/ » . case will resist the emerging flux ; then it 

produces small maximum current denstty and its 

growth rate. On the other hand, when the field 

strength becomes weaker (i.e. larger beta ft, » | 0) 

system S 't3 "* '!* ""*” eUc *« to «»«** into the 
system. Thus, the increased flux produces slronaer 

max, mum current denstty and growth rate. In com- 

panson lo the photospheric shcar motion case, the 
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stronger field (i.e. /J 0 = 0.1) provides a much larger 
maximum current density and growth rate in the shear 
motion case because an additional magnetic field com- 
ponent perpendicular to the arcade is developed, 
thereby generating more current density. On the other 
hand, no additional field component is induced during 
the emerging flux case. In summary, it is again demon- 
strated that there is enough total energy to propel a 
typical flare of ~ 10 4 * * * * * 10 ergs p 


4 . DISCUSSION 

On the basis of these MHD numerical simulations 

it is possible to construct a physical scenario for solar 

flare energy storage and. thereby, to its release due to 

these two suggested physical processes (i.e. photo- 
spheric shear motion and emerging magnetic flux). 

he important physical characteristics related to the 
solar flare energy storage and release are (i) available 
energy and (.,) magnetohydrodynamic instability in 
relation to the triggering mechanism of a solar flare 
We shall discuss these characteristics, based on the 

HD numerical results, in some detail as follows : 


(i) Availability of magnetic energy 

The results given in Figs 2 and 4 demonstrate that 
the energy available to propel a solar flare is stored in 
the magnetic mode for both cases. The computed 
average energy growth rate is given as follows : 


Average total energy growth rate (ergs s -1 ) 

(i) Shear motion (ii) Emerging flux 


d£„d/ 


P» = °-i lb, = i.o /t„ = o.i 

2. 16 x I0 : ’ 6.6 x I0 :< ' 2. 13 x I0 :7 


P o = 1 .0 
7.2 x 10 : * 


In all of these simulations, we terminated our com- 
putation when the computed growth rate became 
almost a linear lunction of time: about 3-4 Alfven 
times (r ,). Thus, by simply multiplying time with the 
magnetic energy growth rate, we are able to estimate 
the total energy available to propel the solar flare 
resulting from either a prescribed photospheric shear- 
ing motion or emerging magnetic flux from the sub- 
photosphere. For example, a typical energy buildup 
time tor an active region is on the order of a few da vs 
Hence, we obtain the following : 
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Excess total energy (A£-£ 0 ) (ergs) 


I day 3 days 
(86,400 s) (259,200 s) 


5 days 
(432,000 s) 


7 days 
(604,800 s) 


Shear motion 
00 = 0.1 1.87x10--’ 
0o=I.O 5.7x10'' 

Emerging flux 
0n = 0.1 1.84x10” 
0o=l.O 6.22 xlO' 1 


5.6IxI0’ : 9.35x10” 1.31x10” 
1 71 x 10” 2.85x10” 4.00x10” 

5.52x10” 9.2x10” 1.29x10” 
1.87x10'' 3.11x10” 4.35x10” 


In the estimations shown in the above table we h; 
taken a typical length of filament of ~ I0 4 km and 

l0 /m^ e . r ^ St ° red an aCt ' Ve re ^ ion is on lh e on 
oi 10 -10 - ergs for one day and 10’’-10” ergs 

seven days. This indicates that there is enough ener 
to supply flaring. In order to examine the question 
to how this stored energy could be released, we ta 
the current practical view that it is due to an MH 
'".stability that causes the explosive energy relea: 
his is addressed in the next section. 

(ii) Triggering mechanism : MHD instability 
In this section, we shall examine the Simula u 
physical system subjected to magnetohvdrodynam 


^n D) inS * abi,it >- order to perform a simple 
MHD instability analysis estimation, we shall use the 
principle of tearing mode MHD instability suggested 
by Tachi et ul. (1983) and Van Hoven (1980) To test 
our simulated results. Tachi et al. (1983) concluded 
that if the magnetic Reynolds number Re =10 -’ 

aB \ l n ~ ' exceeds 3 * J0 5 , both tearing mode and 
joule heating mode are possible for x = ka = 0 1 with 

? bein g the wave number of the perturbation and V 
being the characteristic length. In the present simu- 
lation, we have B = 500-1500 Gauss, „ = 1 0 1 4 cm ’ 
and T= 10’ K and the shear motion is prescribed in 
the form sm (tlv/IvJ. where the ,v„ is the horizontal 
ength of the compulation domain. We have chosen 
A,, to be 8 x 10 cm, therefore, the wave number of 
the perturbation k is equal to n v n = 4x 10 '' cm 1 
With this information, we can compute the magnetic 
Reynolds number for the present simulation 


Rc,„ = 10 


k MTy\n)-''-^ 4xlO x . 


This value is much larger than the value (lx 10’) 
given by Tachi et al. (1983) for triggering both the 
tearing mode and joule heating mode of the MHD 
instability. However, it is impossible to discriminate 
between these two modes in the present simulation 




But it may be concluded that the simulation results 
tor the present physical system will lead to MHD 
instabilities. Thus, energy release is possible to propel 
a solar flare. Using the observations analyzed by 
Kahler ei al. (1988), Wu and Xu (1992) have shown 
that the current intensity at the X-ray onset of the 
impulsive phase of a particular solar flare (26 April 
1979 event) is ~2 x IO 4 statamperes cm~ 2 . From the 
present simulation, as shown in Figs 3 and 5 the 
current density growth rate due to photospheric shear 
motion is converted to 0.75 statamperes cm" 2 for 
0.1 and 0.3 statamperes cm -2 for /J 0 =i.o, 
respectively. However, the current density growth rare 
due to emerging flux is much smaller, namely 
0.15x10 statamperes cm' 2 for /? 0 = 0.1 and 
0.4x10 statamperes cm' 2 for p 0 = 1.0, respec- 
ively. Hence, due to photospheric shear motion the 
time needed to reach the flaring threshold is 2 67 x 10 4 s 
(7.4 h) for p o = 0.1 and 6.67 x 10 4 s (18.5 h) for 
Po - 1 .0. In the case of emerging flux, the growth rates 
are too slow to generate the threshold current density 
required to trigger the instability for flaring. We do 
not mean to imply that the mechanism of emerging 
flux is not a viable mechanism. The present calculation 
is limited to a planar case for emerging flux; we did 
not examine the non-planar case, which would have 
potential for flaring. 
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5. CONCLUDING REMARKS 


In this study, we utilized the MHD model given by 
Wu et al. (1983) to investigate energy build-up and 
storage for a solar flare due either to photospheric 
shearing motion or to energy flux emergence from 
sub-photospheric levels. Furthermore, the simulation 
results were applied to a test of MHD instabilities 
(i.e. tearing-like mode and joule-heating mode) for a 
possible explanation of the physical mechanism of 
energy release. The interesting findings of this simu- 
lation study can be summarized as follows : 

(0 The simulation results show that there is enough 
energy stored due to both shearing motion and emerg- 
ing flux to supply the flare energy. All of this energy 
is stored in the magnetic mode. 

(n) Under the condition of MHD instabilities, these 
simulation results show that photospheric shear 
motion is more favorable for triggering a flare because 
it produces a large growth rate for current density in 
comparison with low growth rates for the emerging 
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«* «“°ry of m %n«ohyt„XSr °” ,be so,ar 

^^ension*, tinte- 
effective dfflusion £weH qrr.^”, , r ° tation ’ “'ridiontd fl„„ md 
merical expert ^7p“«S“fo r ‘ «»“*• » Sloped. Nu 
pons (BMRs). When the MHD effects ar. i”^ °j BlpoUr M«g»etic Re- 
the classical results (Leighton Astronh, OUf modeI produced 

Ml model's nun.eric.il t L b ' ', M7 ' 19<kl > Tha 

magnetic fields and plasma flow fi a mSJt i the , mteractlon between 
with differential rotation and mer diond J 1 ? effects )>. observ e d together 
complexity of the evolution of BMRs ^ & ” Se to the obse ™ d 


LJNTROr>TTPTm^ 

mi^atio^^u^p^^^^Q 1 ^^ 1 ^®^^ relati ° n t<5 the «*«»*<»> and 

“ 1964. Since then, a nmnbTr c f fnl J f ) “^ etic regions was published 
and Wilson, 1985; SheelejT^t al i 9 8 Tcl g f ° rS ( ?* Vore €t 19 «4; McIntosh 
Wilson and McIntosh, 1991- Wane and cu^i ^ evore > 19 86; Wilson, 1986; 
ied the magnetic flux’ transpo^f ^^V 991 ? stud-’ 

modified Leighton model with addition!! ? * soIar c y cle b 7 means of a 
numerical simulation gives us the canahil'f { Slcs ‘ ^ ecent rapid development of 

ward surface don ( L, 
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of 7 reproduced man y of the observed properties 

(1964) model. Wilson and McIntosHmil co Babco , ck ’^ 1961 ) Leighton’s 
large-scale magnetic fields with a , observed evolutions of 

model of Devore and Sheeley (1987) Thev ron V*!? j S ^ ased on tile kinematic 
contributions to the evolving patt trns bv no d “ <i " i * lwie mns * be significant 
network structure, tudepeX lf Sve7,g?„™ *“ OTp “ <> ”» 

linear 3£JK tZSSZ&ZE 2”* 7 Undm ‘“ d * h *' “» — 
essential to understand magnetic fl^ t™ “ d magnetic field «e 
ous investigations have invXd j/mf ♦* T? 0r ‘- However ’ °°ne of the previ- 
present a quasi-three-dimension we 
rotation, meridional flow and effective Hiff,, • M „ modeI Wlt h differential 
to study magnetic evolution of BMRs *? weU 43 cyclonic turbulence 

boundary conditions ar“pr««t,d^J n>«hem«ical model, initial and 
iug remark, are given i SSSLIff fSnSgSg* ^ “ 4 

^ MATHEMATICAL MODEL M TIAL AND BOUNns RV CONDITIONS 

^ ““*> - in 

equations including differential rotaf io^ m f° mpreMlble simulated MHD 

These governing 4^”“ ‘r7: ' mmdloMl «-» turbulent diffusion. 


V • U = o 


( 1 ) 


[ dm 

y + (« • VX« - — V, + -L(V x 5, x J + /, - x (s _ 0) 

"'*•* * [t* x if- «)] + p, v 3 (u - u,) (2) 

dB 

-£- = V x (u x B) + A(Vxi) + kV 2 B + S ( 3) 

If + (u-V)p = A(? + ( r _ 1) [£! + ^/|^ + £lf*\ 2 ] 

2\dz k ^dxjJI ( 4 ) 

^^^i P ^r^d d T i ‘.I; ,ie P ’. ,Un ‘ a J fl ‘ > ’ "*>«•* -tor, P the 
The other quantities are ’defined ’as uth?' 0 * I"*™,' re,p ‘ ctird y- 

differential rotation referring to the cent J nf ^ t “ lgul J ar Velocit y of solar 
is given by empirical value £ f h * Solar coordma te system, that 

£L = ; (P-2337 - 0.Q4835 cos^) 

86|00 arcsecs ( 5 ) 

i^the^presSbed^a^^oui^p^ma vdoci^v 3 fidT 0t «8*«) • The u/ 

and meridional flow wMdUs gi^by 7 mcludm « daS « Bt “ rotat ^ 
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«/ _ u! r i r + u/gig + 

??' ’° U "*“• < » *»« 
present study and u' is the velocity due tn fh * iff 6 U *' = , 0 015 / sin 9 for the 

th« rotating cording ^ ~SZS " ' he "**«" «° 


xu^ = P-Q4835(cos 2 9q - cos 2 fl)rsinfl 
86400 ‘ 


arc sec s -1 (yj 

Xt txxxxrx z lo ; “ h ;™r (ot 

rr rHa- ^ 


AC? = (u/ • v)p„ - ( 7 _ i)f£i , /ft / ^ ^u/ fc \ 2 ] 

U 2 V?*fc J 


(8) 


namely^ the initial dynamical ^qulhbritun ° f ** ™> ■**». 

This set of MHD eTationS T ^ *° l * atmos P^ » obtained, 
theory. These differences arise fromir” 1 t J l °!* cf 1X8,161 firs* principle MHD 
formulation. For example the djt 1 I ° nal pbyS cs we have “elided in this 

inertia centrifugalTo^O^^^T^ *«“ “ (2) represent the 

(* X (r - r-/))) and Xtive i£S ( *T ~ the coriolis force (U. 2^ x 
the super-granules. The additional T” ”•* *p ran dori motion of the granules or 
turbulence (i.e. MV x£y> “ EqUatioE < 3 > "*«—*• the cyclonic 


ever, this is costly and unnecessary J“ at, ° n . s “ fuU three dimensions. How- 
fundamental physical processes r“L than °^ 7 “ “P**** the 

on the sun. Consequently, we prescribe rustic situation 

velocity and magnetic field on the basis f th behavi . or * of the radl61 derivatives of 
functions are: 6 baS,S of the mathematical convenience. These 


with 


u 


= B r {r)B r {e, <f>)i r + Bg(r)B«{e, ^ 4)1+ 

= Mr)M 9 ,<t>)ir + Mr)M 9 ><t>)'i« + u„(r)u*( 0 ,^ 



(9) 

( 10 ) 


( 11 ) 
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dur 2 

or r 

du e , 1 

17 = r u * 

due _ 1 


dr 


u <t> 


Substituting aquation ( 12 ) and ( 13 ) Wo equation ( 2 ) by setting u, 
dp p r t 

dr - 7 “ u «') + + 2 pu) o sin0(u^ - u^t) - pg + 

1 B+(d. 0 .\ 1 


( 12 ) 


= u r , we 
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dB r 
sinQ d<p 


( 13 ) 


of the sunspot (i.e. ~ 2 X 10 4 km) and a is an arbitrary 
height. ^ IS he meaSUre of the ^creasing rate of field strength against 

solar^fL^Th ^ latic ? ships ’ the computation reduces to a calculation on the 
dependen^D modd ? ” m0del “ ^ ‘toee-dimensional, tin*. 

r!r?? s “ x= “ 

equilibrium. iSSSifZ?" 


rsinf de^ B "”' n ^ + rsm»d<l^ B ^ ~ n B 

Bp o 

B^o 


TJ 0 

tt 0 
= —tana 


( 14 ) 


with 


Bro= l 


o, 


B r 


* + + i 

4> + -i 

*--i 

d 


0 , <t> ■¥ 


< <t> 

< <f> 

< <t> 

< 4 > 


< <t>" - f; 

< r + f; 

< + f; 

< <t> + - 1 ; 


e+-i 


< e 

< e 


< & + + \ 

<e~ + i 


( 15 ) 


nn«> Where i^ + ’^ “ d , (*~’ e ) ^Present the coordinates of sunspots with 
DegatlVe polarit y respectively and d represents the diameter of the 
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(ii) Initial velocity field is given by 


Ur — Ur f — 0 or 0.1 kma 1 
0.015 

u 9 = , kma~ 

atnO 

u 4> — u^l = u>o(0)rain9 kms~‘ 
(iii) Initial pressure field is 


( 16 ) 


1 dpo 

r d0 


1 dpo _ 1 

rsmO d<p ~ 4x 




(17) 


B«o 


t sin# 


d<f> 

, 1 0£ro\l 

r \E 0 BM + -^e'W)\ < 18 > 

.... In addi ‘ lon i ch * B -i , Bn and are given to satisfy the eolenoidal con- 
dition (i.e. V • B = 0). 

dition^lw^ 11 ^ 417 ! conditl 1 ori ® employed here are computational boundary con- 
ditions which simply are the forward differencing line u: extrapolation. 

gL NUMERICAL SrMTTT.AT fQN RESTTT.TS 

Thecomput ationai domain for the simulation is set as a rectangular region with 
camn Ston longitude {$) and 35 grids in the latitudinaldirection 

2L 01109611 0 5 degre€ f ° r each “ ‘hi, *tudy. It » assumed 

onJv TK rotatlon and me ndional flow velocity depend upon latitude 

Will preSCr ? b 1 ed . flo 7 P attern within the computational domain 

will depend on the domam’s latitude but not on its loigitude. 

coeffi«V^, e 1ff C T y ° u ^. ttis ^^tion study, we need to know two important 

th!7^~ € d- d 5 11Smty (/t) and Cjdoidc tur btlence (A). We know that 

Si S3* 5 values of effective diffusivity is quite wide, for example, * = 160 - 

fLeiffhton 1 “ ker ^ 9 , 79 ^’ Lej ghton’s value oi'k is 800 - 1600 km 2 s" 1 

W^friQ« 6 , 4):De 7 0re 1 01 (1985 ) Sekcted * = 30C km 2 s-' for their study. 
Wang (1988) derived a value of « being 100 - 150 i:m 2 a~ l on the basis of 

uro^IT' . Th f l PUrP ° S , € ° f this stud y is to learn the fundamental physical 
not tn ,L Th th€ SUn,dated MHD effects (U- pbotospheric dynamo) «d Is 
“h«e r^« fol Therefore, we simply choose^alues within 

to the scale law (\ < */ T\ u * of cyclonic turbulence is chosen according 

cho«n to b. 6000 fen fofthl p^ett «tdy le ” g “‘ of sun, P ot ’ il ls 

/• The fostjssue which we shall examine is how the simulated MHD process 
( • . p o osphenc dynamo) will effect the Leighton’s results (1964). To achieve 


MHD SIMULATION OF MAGNETIC FIELDS 103 

aSSSr“"r--s 

hr. after introduction of the BMR. Tt .how, the inter.ction betweS the ' 


'- / '/5^actes 


Longftud* 


lUilll! 


Longttud# 


Fig. 1 The radial ma^etic field strength (B r ) contours at 240 hrs after introduc- 
tion of the BMR without (a) and with (b) simulated MHD effects 
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B ( 180 G) 
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20 ° 



■t°l — L 1 1 1 I I l i 

15 » 20 * 


30 ° 


A ( 105 G) 
B ( 90 G) 

C ( 75 G) 

D ( 60 G) 
E ( 45 G) 

F ( 30 G) 

G ( 15 G) 

H ( -15 G) 
I ( -30 G) 
J ( -45 G) 
K ( -60 G) 
L ( -75 G) 
M ( -90 G) 
N (-105 G) 


(b) 


Longitude 


field 1?120 f B u contours transverse magn< 

and with meridional flow (b)*nsiM th# meridional flow 

mu now <t)j using the foil set of simulated MHD equatk 
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Figure 2 shows the effects of the meridional flow on the magnetic field 
ranspor , Figure 2a exhibits the B r strength contours and transverse field for 

2b .h A = -T 25 km 1 * mmdionU Sow end F.wl 

2b the same case with meridional flow. It may note that the meridional 
flow produced a slightly poleward movement of the BMR. 

PMB UP !°h n °!’ we have shown the computed evolution of the morphology of the 
BMR with and without MHD effects. It is interesting to understSd hfe^ergy 
evo u ion during these processes. In Figure 3, we fhow the m^netTc SSy 

shows the ^ “ d Wlthout background velocity effects. Figurela 

stribed dX , (i 6 ’ E m(t)/E m (Q)) in the absence^f pre- 

__ j ^ jhfferential rotation and meridional flow for the case when only diffusion 
and cyclonic turbulence are included. We notice that the normalized ma^etk 
energy Ern(t)/E m (0) of the BMR through effective diffusion (k = 200 JfemTs-i) 
diffi €< ^ eaSmi 6 ahnost linearly with time as represented by curve B. If both effective 
diffusion and cyclonic turbulence A = 0.25 km s~' are considered, E m (t)/E 0) 

cwJ ed h a i bttle m 7 C Sl ° Wly than curve A ' Curve C represents the caseffrcy- 
dp^lv f OD i 7 “? shows a slight increase with time This 

clearly informs us that the photosphere dynamo cL be an energy production 

tmbSen 1 ?//^ 3 ? We l est the “ fluence of effective diffusion (loss ^d cyclonic 
turbulence (source) in the presence of differential rotation and meridional flow 

for k = eV A° = n° n f° f the f ^etic energy. Curve A represents the case 

■ , . lt glV€9 E m (t)/E m (0) being constant, this informs us that this 

SdU ‘^dTt°es1h m&mt&ine f d dynamical equilibrium throughout the process 

A - 0 and * 1 nn\ aC 2 Ura i Cy °i the sim ^ ation model. Curves B and C are for 

° “ d * = 100 s “ d 200 •- 1 , respectively. It is apparent that 

when the effective diffusmty increases, the decay rate of normalized magnetic 

f Cu ™ J and E in Figure 3b show the evolution of northed 
magnetic energy for <s = 0 with A = 0.75 km and 0.1 km j-> respectively 
It immediately noticed that the growth rate of normalized magnetic ener^ im 

A ‘ R ° m th ~ *«“-• - realize that 

“ d J? , tUTbule f ce are competing physical mechanisms for the magnetic 

w^L frr m h r ^ agnetiC &UX tran sport process of a BMR. In Fi^Se 4, 
e present the normalized magnetic energy vs time for a fixed value of cydionic 

rwoec^elv A Th°' 025 i r, I) T d effective diffusivity 0, 100 and 200 km 2 s~ l 

woric- when k - 0 t^ 5 Sh ° W h ° W , these tW ° com P etin g mechanisms 

fertivp d-ff. • -7 °J th magnetlc ene rgy Will increase with time but when ef- 

BMR d^aya 7 cyclonic then the mimetic energy of 


DL -.CQNCLTTDIN G BF.MAT^g 

d^aSmrriV^ 5 Study been to show bow a simulated magnetohydro- 
ynwmc (MHD) process which incorporates to the photospheric dynamo might 

^Jave' «ln on ti biP ?‘“ m .r" ,C "«“» < BMR > “ d S- 

tWdfclT ° h I S ° iar surface - To accomplish this purpose, a quasi- 

!^lT CTS10na ^7 e ' d ? endent MHD model was developed.^ the present 
£, ‘7 simulation study, we realize that there are two major physic afmech- 
amsms which mterplay durmg the evolutionary process of a BMR, and could 


NonnaUm, Magnetic Energy E^ve^o, 
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simulated MHD proc appropria as follows: (1) If th ® 

complex structures because tL uSeVto Jlrtfo “ wiU “ore 
°Tj background magnetic fields and fin *k DS exis * between the plasma 
could be increased if the cyclonic turbulenL ^ ma ^? etic ener gy of the BMR 
we may conclude that MHD interacting PTOCeSS dominates - 1“ summary 
of magnetic field transport I0DS ■* ^Portant and needed in the study 

The work by STW and PTV 
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Abstract 


Generation and propagation of magnetohydrodynamic (MHD) body and surface waves 

* m ' diUm W “ h “ Singl ' Md doub1 ' < slab ) ma gnetic interface are studied by using of a 
nonlinear, two-dimensional, time-dependent, ideal MHD numerical model constructed on 

the basis of a Lagrangian grid and semi-implicit scheme. The processes of wave confinement 

and wave energy leakage are discussed in detail. It is shown that the obtained resuits 

depend strongiy on the type of perturbations imposed on the interface or slab and on the 
plasma parameter /?. 


'Intergraph Corporation, Huntsville, Alabama 
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I INTRODUCTION 

It <> commonly accepted that magnetohydrodynamic (MHD) waves may play a dominant 
rde m the energy transfer and in the local heating in many laboratory devices contain- 

"* StrUCtUr6d “ d mig " etiZed pksmas ‘' S “ ^ -me astrophysical setting,-.. 

Under typical laboratory or astrophysical conditions, plasma is usuaUy highly inhomoge- 
neous and, therefore, simple analytical methods' developed to study the propagation of 
linear MHD waves in homogeneous media cannot be applied. Conversely, a number of 
known analytical solutions are obtained for cases of only marginal practical interest-... 
In general, problems of propagation of MHD wave, in a medium with smooth and/or sharp 

gradients in physical parameters are so complex that they must be investigated by means 
of numerical simulations. 

In this paper, we present results of numerical studies of MHD wave generation and 
propagation in a magnetically structured medium. The adopted model is relatively simple 
because it takes into account only magnetic interfaces and the corresponding “jumps” in 
Physical parameters across these interfaces. Despite simplicity of the present model, we 
are stdl able to study two important and previously unsolved physical problems, namely, 
the interaction of a single magnetic interface with the external medium and the interac- 
tion of a magnetic slab (two magnetic interfaces) with its surroundings. Some aspects of 
these problems have already been investigated”-*, in particular, there is a class of known 
analytical solutions represented in the form of dispersion relation and obtained by mak- 
ing a Fourier transform in time and space*—. However, to the best of our knowledge, 
time-dependent numerical calculations of the propagation of MHD body wave, and MHD 
surface waves discussed in this paper have not been previously performed. In particular, 
it is presently not clear how effectively MHD surface waves can transfer energy along the 
single magnetic interface and along the magnetic slab, and how efficient are these waves 
m generating acoustic waves in the external medium. Our main aim is to gain a new 
physical insight into these two problems by calculating the efficiency of wave confinment 
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for a different form of the ir™ j 

he imposed perturbations and for a diff * 

Parameters. different range of the physical 

in LionZZll IT" lhC bMiC f0rn,UUli ° n a ” d gOWning - 

- - - - - _:r ~;::r for “■ ** — — 

c°n« ns discussion and some concluding ^ “ d Mr Section V 

11 BASIC FORMWATION an D gov E r NINg EQUations 

IT ^ S ‘ r “ “*• " — - simple 

rsi m °del, we assume that th- k i 

in ‘° raagnrtiMd “ d non-magnetized domains b y a s' 1 “ ^ m ' diUm “ ““ 

and thal are no other gradients thes ’* mag ”'‘ lc '»*«*» (*W» la), 

second model, „e consider a thick, non-stratiZ 0 " , “ “ C ' P ‘ “ ^ 

^magnetic and uni t orm medium ^ ^ “ — “ “ 

“ a lemP " a,U - equilibrium between magnetic an!! J m0de ' 5 ’ " ‘ 8SUm ' ^ 
pressure balance across the interlace is satisfied Our T^- ^ ““ ^ ^ 
based on the following set of ideal MHD ,• Prt>aCh “ tW °- d,me ” si °nal and 

“D - cartesian coordinates 


<Kpy*) 

dt 

d(pvz) 

dt 


dp 

dx 

dp 


d_ 

dx 
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—ll. 

dV pf 


dt dx {pv ^ - g;^.) 

( 1 ) 

~(pv,v,) + B,( _ £®£ \ 

* '0* dx ) 

°&x Of x 

( 2 ) 

( 3 ) 

dt ~ fa\ V * Bz ~ v * B *) 
dB * ^ ( \ 

( 4 ) 


( 5 ) 

•0, 

1 

H 

s> 

1 

II 

( 6 ) 

dB z dB z 
dx + dz ~ 0 

( 7 ) 
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and the equation of state, 


p = pRT 


( 8 ) 


w W v, and », are the horizontal (x-axis) and vertical (z-axis) components of the velocity 

respectively. Similarly. B x and B. are the horizontal and vertical components of magnetic 

field. The other symbols have their usual meaning: , is the density; T is the temperature; 

P .S the thermal pressure; 7 is the specific ratio being taken as 5/3 and R is the universal 

gas constant. It must be noted that „e have suppressed the factor 4v in the term of 

Lorentz’s force through an adequate choice of the unit of magnetic field. This set of 

differential equations is solved numerically for the case of a single and double (magnetic 

slab) magnetic interface. Note that the presented equations are formally nonhnear and 

that these nonlinear equations have been solved numerically; however, in this paper we 

restrict our discussion the results due to a small finite amplitude perturbation to avoid 

shock format, on in our computational domain. To relate the initial physical parameters in 

the magnetized and non-magne.ized regions, we use the horizontal pressure balance given 

by 


which can be also written 


as 


Pe = Pi + 


El 

8"7T 


( 9 ) 


Pi = 


1 +/T 


(10) 


where 0 - 8* Pi /Bf and 7J = T. = const. All physical parameters in the magnetized 
(internal) and non-magnetized (external) regions are indicated by subscript V and V, 
respectively (see Figure 1). 

To carry out the studies of propagation of MHD body and surface waves in the con- 
sidered models, we have developed a nonlinear, two-dimensional, time-dependent, ideal 


MHD code constructed on the basis of a Lagrangian grid and semi-implicit scheme. The 
Lagrangian grid has been used because of its small numerical diffusion and because it easily 
allows tracing the interface. The semi-implicit scheme code means that we find solutions 
for fluid properties ( V,p,p,T ) by using an explicit scheme and then solve for the magnetic 
field using a non-iterative implicit scheme 16 . As shown in Figure 1, our computational do- 
main always contains one magnetized region and either one or two non-magnetized regions. 
The perturbations are imposed on the system at z = 0 (which is also the lower boundary of 
the computational domain) and are restricted only to the magnetized region. The physical 
condition at the lower boundary is the so-called rigid free-slip wall condition, which means 
that transverse motion of the boundary is transmitted to the fluid only through the mag- 
netic field. In our calculations concerning a single magnetic interface, the location of the 
interface is at the z-axis (see Figure 1) and nonreflecting boundary conditions are applied 
at all the computational domain boundaries parallel and perpendicular to the interface. 
For our computations concerning a single magnetic interface for longitudinal perturbations, 
the z-axis is the axis of symmetry, so the symmetry boundary conditions are used. At the 
remaining computational boundaries the nonreflecting boundary conditions are applied. In 
the case of magnetic slab, all the computational boundaries are non-reflecting boundaries. 

Having prescribed the boundary conditions for our numerical calculations, we now 
briefly describe tests performed to confirm the validity and accuracy of our code. We 
have tested the code by performing simple acoustic and Alfven wave calculations and then 
comparing the obtained numerical results to known analytical solutions. We have com- 
pared numerical and analytical MHD surface wave speeds and found that the difference 
never exceeded 2%. To describe the results from one of the tests, we consider a small 
amplitude acoustic wave propagating in a homogeneous medium with a uniform magnetic 
field (for the purpose of this test, we have excluded the interface and consider the magnetic 
field to be present in the whole computational domain). It is assumed that the acoustic 
wave is excited at the height z = 0 (see Figure 1) by the motion v z (t) = v 0 sin (2tt t/r) 


5 


WUI> *' 10 5 (C ' “ ‘ he Sp “ d of sound ) Md r = 40 sec. For this special case 

haVe f ° Und f " Uy tim ' d ' P ' nd “‘ ““ solutions and then compared thetn to the’ 
well-known analytical solutions to the acoustic wave elation; note that the analytical 

solution is simply obtained by making a Fourier transform. The difference between the 
obtained numerical and analytical solution is less than one percent and the relative dif- 
ference of wave energy in each wavelength is less than 2 x 10- We have also performed 
similar tests for purely transverse MHD (Alfven) waves propagating in homogeneous and 
inhomogeneous (stratified and isothermal) media, and find that our numerical solutions 
are consistent with the known analytical solutions. All these details can be found in Ref. 
16. After performing these tests, we feel confident in using the code to investigate the 

behavior of MH D body and surface waves on a single and double magnetic interface. In 
the following, we present the results of these studies. 

Ill SINGLE MAGNETIC INTERFACE 

The existence of a single magnetic interface in an otherwise homogeneous background 

medium (see Figure la) allows separating MHD waves into two classes, namely, body 

and surface waves. In our model, the body waves are confined only the magnetised 

par, of the computational domain and the surface waves exist on the magnetic interface 

The waves are excited by imposing either transverse or longitudinal perturbations in the 

magnetized part of the computational domain. In the following, we shall consider both 

perturbations and present the obtained numerical results. We begin with the 
transverse perturbations. 

To introduce the transverse perturbations at the lower boundary of our computa- 
tional domain, we impose the following velocity perturbations in the magnetized region! 
MO - »„ sin (2rt/r), with u„ being 10- V A (V A is the Alfven velocity) and r equals 
to 0-5 l/V A where L is the heigh, of the computation domain. The reason we kept the 
amplitude of perturbation small is to avoid shocks in onr computational domain. The 
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imposed perturbations generate purely transverse magnetic waves which propagate with 
the Alfven velocity inside the magnetised region; we shall call these waves the body waves 
(see Figure 2). The perturbations also excite the surface wave which propagates only along 
the magnetic interface with a velocity lower than the external sound speed. As seen in 
Figure 2, the wave velocity and magnetic field are predominantly in the direction of its 
propagation, therefore, we shall call this wave the slow MHD surface wave. In addition, 
the figure clearly shows that there are no disturbances (corresponding to acoustic waves) 
propagating into the external medium. This simply indicates that under the considered 
physical conditions the excitation of external acoustic waves by the internal (body) wave 
and/or by the slow MHD surface wave does not take place; note that the discussed results 
have been obtained for the plasma 0 = 100. I, i, interesting to explore whether there 
are any circumstances when the external acoustic waves can be generated by the purely 
transverse body waves. This may sound surprizing because the body waves considered 


here are purely transverse and, therefore, they do not have a longitudinal component (at 
least, in the first approximation). The results presented in Figure 3 correspond to 0 = 1.2 
and 0.5, and clearly show that the external acoustic waves can indeed be excited by trans- 
verse MHD waves when the plasma 0 is of the order of unity or lower. Note that in the 
culations discussed here, higher values of 0 are obtained by decreasing the strength of 
the magnetic field while keeping the other physical parameters unchanged. 


The following physical picture emerges from the results presented above. The process 
Of generation of the transverse body waves is simple to understand because it is a direct 
consequence of the imposed velocity perturbations at the lower (magnetized) part of the 
computational domain. Still, the overall picture of the interaction of the single magnetic 
interface with its non-magnetic surroundings is relatively simple only for a high 0 plasma; 
in this case, the wave preserves its transverse character during the propagation and the non- 
magnetic external medium is not disturb by the wave montion (see Figure 2). The problem 
is more complicated for lower 0 (see Figure 3) because the body wave changes its character 
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lions, namely, purely transverse and purely longitudinal perturbations. We begin our 
presentation with the former. 

A Purely Transverse Velocity Perturbations 

The imposed velocity perturbations on the considered magnetic slab are similar to those 
d in the case of a single magnetic interface (see the previous section). Note that 
only the magnetised region of the computational domain is perturbed. The results of our 
simulations corresponding to three cases of 0 = 100, 1.2 and 0.1 are presented in Figures 
4 and 5. The plotted wave energy density shows a significant increase at the interface due 
to the MHD surface waves; i, is also seen .ha, the energy leakage to the external medium 
increases when plasma fi decreases. There are four general conlusions which can be drawn 
from the results presented in these figures. First, it is clear that the external medium 
becomes more perturbed when the plasma 0 decreases; this is consistent with the results 
described in the previous section. Second, ,h. kink mode (body wave) being confined to 
changes its character (from purely transverse to predominantly longitudinal) as 
a result of the interaction between the slab and the surroundings. Third, MHD surface 
waves propagate along both magnetic interfaces and they m predominantly longitudinal. 
Finally, the physical processes playing a dominant role in the behavior of the slab are 
essentially the same as those described above for the single magnetic interface. 

At this point, it is interesting to compare the results obtained for the magnetic slab to 
those known for thin and vertical magnetic flux tubes.- Here, we are mainly interested in 
linear and transverse (kink) tube waves and want to compare the behavior of these waves to 
that shown by the slab kink waves. In a typical tube wave treatment-, the waves propagate 
along magnetic flux tubes without exchanging energy with the external medium; this is 
one of the most fundamental assumptions of the approach. Our results clearly indicate 
that the oscillating magnetic slab strongly interacts with the external medium and that 
this interaction is particularly strong for low-/? plasma. Therefore, calculations based on 
the approximation that the generated external acoustic energy can be neglected in the 
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,he r, T mMion of the ,op ° f a 'oop, 

.heTa^r t l!fnIo!, t opo^s ron'al Tadiu^Whe" 

the " d < — » *•*-!. XC“ d by 


1- Introduction 

LZZTr! m ° del ° f pr ° minenCe l0 ° ps was recent ‘y constructed on the basis of 
he theory of hydromagnet, c buoyancy force for flux ropes (Yeh, 1989). A prominence 

oop immersed in the solar atmosphere is regarded as an extraneous body m the sense 

that it ,s magnetically separated from its surrounding medium. Thus its magnetic field 

mass density, temperature, and motion are quite different from those of the surrounding 

medtum. The important feature is the polarization current induced on the periphery of 

lmh Pr0 ,T!T Ce " makeS (he ambiem magnetk field ta "«cntial. The exertion of the 
ambient hydromagnet.c pressure gives rise to the hydromagnetic buoyancy force Its 

predominant constituent is the diamagnetic force which amounts to the force exerted 

‘ he pr ° minence by the e * te ™' currents that sustain the coronal 
agnetic field. For a prominence to be in stationary equilibrium with its surrounding 

ex^'cTb ° ma8n c et ' C b “ 0yancy force counterbalances the gravitational force 

d amat r r* T ^ When the COronal “«“* field evolves, «he changed 
diamagnetic force no longer matches the gravitational force. Once the forces become 

unbalanced, the prominence is initiated into motion. The evolving motion may be either 

” pwar ° r ow " ward ’ depending on whether the hydromagnetic buoyancy force is 
greater or less than the gravitational force. That the evolving motion of prominence 

filaments ,s driven by the evolution of the global magnetic field has been inferred from 
observations (Kahler et al., 1988). 
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or [ ; rr * e mot,on ° f the •<* 

mathematically one-dimensional in space (viz th ITr ^ Ca,CU,atl0n P res ented is 
involves two-dimensional geometry and tL " h he, *° Centnc dlstan ce) although it 
Figure I). The governing equations for the dvnam^T 0 >S three ' dimensi °nal (see 
motion supplemented with equations of mass co 6V ° Ut, ° n ^ MHD ^uations of 
energy conservation. Since we are mainly interested Tth^d’ ^ C ° nServation ’ “ d 

to - 



pr °minence loop are shown. 

coronal medium lhat has a bipolar magnetic P rom '«nce loop immersed in a 

atmosphere. For a prominence loop to* be static Pel ™ eated ,nt0 a ma gnetohydrostatic 

rr as a r e nor zz h z r ither transiationai 

the downward pull of the gravitational force exerted hvTh ? T* reqUireS that 
upward lift of the hydromagnetic buoyancy force exert^ Z “ ““ by the 

medium. The latter requires that the outward n I Tt by he surroundin g coronal 
<he aximuthal current of the prolinenceTbala °„ k by the g3s P ressure a " d 
by the hydromagnetic pressure of the ambient med' ' * !" Ward plnch of the force 
prominence. Next, we calculate the motion of the h'™ ^ 3X121 CUrrent of the 

■s lost because of a temporal change of the bipotoTirTtT 'T 1 When ““ equilibrium 
strengthening and/or displacement of ih„ P 3rfie,d - The cha "g« can be caused by 

These examples demonstrate that the p f romin^nc" et ' C m ° n0p ° les for the bi P°'ar field. 

when the change is sufficiently large. C3n 3Way from the solar surface 

forlfthm tfi^t'be'm^t T"** Mron “«" e,ic >™y»cy 

m conjunction with analytical study also serve to ZZZln T“Z 


parameters as an aid to MHD numerical simulations of the eruptive motion of promi- 
nences. Very often the difficulties with numerical simulations lie in the large number and 

extensive range of the pertinent parameters that characterize the phenomenon under 
study (Wu et al., 1990). 


2. Assumptions 

The geometry of the prominence loop may be described by its axis and its cross-section 
We assume that the varying cross-section is well accounted for by a circular cross- 
section whose radius changes in time. In this treatment of the top section of a promi- 
nence loop, a prominence is represented by a flux rope with a straight axis, whose 
heliocentric distance may change. The corona is represented by a magnetized medium 
that has a transverse magnetic field, perpendicular to the axis of the prominence, which 
is bipolar and a longitudinal magnetic field, parallel to the axis, which varies with the 
heliocentric distance only. The current that produces the bipolar field is below the solar 
surface, it is to be accounted for by a couple of magnetic monopoles on the photosphere. 
These monopoles are chosen to be line monopoles to make the problem two- 
dimensional. The current that produces the longitudinal magnetic field is in the corona. 
The coronal current is in magnetohydrostatic equilibrium with a stratified gas pressure 
of the coronal gas which is acted upon by solar gravity. 

The prominence loop carries helical field lines. The helical magnetic field in the 
straight prominence is represented by 

= +4 Wo? (1) 

in cylindrical coordinates (z, <?, </>), with the azimuthal angle <p measured from the radial 
line pointing downward (/t being the magnetic permeability in mks units). The axial 
component decreases from the axial value B 0 at the axis q = 0 to zero at the boundary 
q - Q . The azimuthal component increases from zero at the axis to the boundary value 
b b = 2 ^oQ at the boundary. The total axial flux is l P E = lnQ 2 B 0 and the total 
azimuthal flux is ^Q 2 [xJ 0 per unit axial length. This helical magnetic field is produced 
by the current density 


- Uo + V ' 


Bo qJQ 

Q (1 - q 2 IQ 2 ) xn ’ 


( 2 ) 


which has an axial component that is uniform and an azimuthal component that 
increases from zero at the axis to infinity at the boundary. The total axial current is 

l E = nQ 2 J 0 and the total azimuthal current is n~ l B 0 per unit axial length. The Lorentz- 
force density 
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( 3 ) 


acting at various mass elements of the prominence is in the radial direction, perpendicu- 

the P rominence Io °P- [t increases from zero at the axis to 
M « 0 /y 2 ><J.,Q at the boundary, in proportion to the radial distance. The axial 

current produces a pinching force toward the axis whereas the azimuthal current 
produces an anti-pinching force away from the axis. 

The immersion of the prominence loop in the coronal medium causes a polarization 
current that keeps the internal field lines of the prominence separated from the external 
e d lines of the corona. The induced current, which is concentrated in a thin peripheral 
layer by virtue of the high electrical conductivity of the solar plasma, produces a 
magnetic field that makes the ambient field tangential by cancelling the radial com- 
ponent of the coronal field on the interface and essentially doubling the azimuthal 
component there (Yeh, 1983). With the coronal mass density the coronal gas 
pressure p x , and the coronal magnetic field B„ s 1, , + B„ x pre-existing at the site 
e prominence, the ambient magnetic field on the outer surface of the current layer 


BM) = 


The boundary magnetic field on the inner surface 


2nQ 


( 4 ) 


is 


B ,W = 1, 


Pj_E_ 

2nQ 


( 5 ) 


The polarization current, given by i„ m 1^ - ‘ (E A - B b ) per unit circumferential length, 
shields off the coronal field from permeating into the prominence. Across the massless 

layer of peripheral current the sum of gas pressure and magnetic pressure is invariant. 
The ambient gas pressure 

Pa(<P)=p. n \ qmQ (6) 

on the outer surface is essentially equal to the pre-existing coronal gas pressure at the 
periphery since the gas pressure in the exterior region is hardly perturbed by the intrusion 
of the prominence. The boundary gas pressure 

Pb(<P) - P^\ q = Q + IP \q~Q + 2fi~ *2?^ \ q = Q COS 2 (p + 

I E 

+ — *»_Ll,- e cos0 (7) 
nQ 

on the inner surface has a circumferential inhomogeneity which is spatially transformed 

from that of the ambient hydromagnetic pressure. The gas pressure inside the promi- 
nence is well represented by 

OeU, <P) - lp„ - (p„ + ill-'Bl ,) (l - Q+p„(q, 4,) + 


+ 2P~'Bl >}l (q, <p) + + 




Xl l(y: 


+ B q-Q B x± |,. 0 ) cos 2ip + -£-b^ x |,. c C0 S Ip. 

It varies from the axial value p 0 at the axis to the boundary value p B . The gradient of 
this gas pressure yields the force density 
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+ 1 q _ 
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den°s7tv S th mtTefuTV 6 ™ 8 . Pr ° P ° rti ° nal t0 ^ «P«»ents a radial force 

nsity that results from the difference between the internal gas pressure and the 

rZm r rh ntl Vera f ° f th f eXtemal P^ssure. The other terms, result- 

ing from the circumferential inhomogeneity of the ambient hydromagnetic pressure 

represen the spatial spreading of the hydromagnetic buoyancy force. The latter 

amoun s o r p^GM 0 lr^ + x B^/nQ 2 + l r i>~ l B 2 zc± /R c by virtue of the magneto- 

oirlnTn a Th° r 3r ° nal mCdiUm (SCe EqUations ( 24 > an d (25) for the definitions 
£ and H. The coefficient T has the value of 2 in the above elucidation 
1 he prominence moves with the velocity 

»s=Ku 0 + l q V^, ( 10 ) 

which consisis of a translational velocity common to all mass elements of the promi- 
ce oop and an expansional velocity proportional to the distance from the axis The 
translational motion is driven by the part of the force density that is uniform and the 

directions""^? ° n “ driVe " by ** Pm ° f the force densit > *at » in various radial 
ctions. The former part includes the gravitational force exerted by the Sun and the 

hydromagne ic buoyancy force exerted by the surrounding medium The latter part 

mcludes the Lorentz force that results from the interaction among the internal currents 

ms.de the prominence and the gradient force that results from the pressure difference 
between the internal and external gases. 

The dynamical evolution of the prominence depends on its inertia. We assume that 
he mass density is uniform over the cross section, ignoring the higher-order effect of 
the ^spatial variation of the mass distribution. The value of mass density p E changes in 


3. Governing Equations 

A prominence which is located initially equidistant from the two magnetic line 
monopoles will remain so when its heliocentric distance changes temporally (Figure 1). 
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The prominence loop is characterized by eight parameters: r 0 , Q, u 0 , V, p E , B 0 ,J 0 , and 
Po- 

The characterizing parameters evolve in accordance with the differential equations 
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d r , 2Po + P 

Pe~ v = 

d t Q 


l Bo 


2 P, 


+ p~ x B\ A +±pJoQ 2 


(14) 


supplemented by the temporal invariances of total mass, axial magnetic flux, azimuthal 
magnetic flux, and total thermal energy: 


nQ 2 p E = M e , 

(15) 

!* Q 2 Bo = , 

(16) 

4 Q 2 Jo = ~ I E ’ 

(17) 

4 7T 


2 ftQ 2 V 2 P 0 + z(Pr. + 2M“‘*llx)] = E e . 

(18) 


For a prominence to be initially in stationary equilibrium with the surrounding coronal 
medium the requisite current density is 


j _ Pe Pjc GMq _ j^ P B x x 
° rl R c 

in terms of the mass density (or the requisite p E in terms of the current density) and 
other quantities. The requisite magnetic field, in either direction, is 

B 0 = ± (2pp x + B l>\\ + 2 P 2j I Q 2 ~ 2 PPo)' /2 ( 2 °) 

in terms of the gas pressure (or the requisite p 0 in terms of the magnetic field) and other 
quantities. The first constraint makes the upward hydromagnetic buoyancy force exactly 
balance the downward gravitational force. The second constraint makes the outward 
forces due to the gas pressure and the azimuthal current of the prominence exactly 
balance the inward forces due to the hydromagnetic pressure of the ambient medium 
and the axial current of the prominence. These two constraints are depicted in Figures 
2 and 3, which show the required values of \pQJ 0 and B 0 for various values of r 0 , Q , 
p E , Po . P T’oc’ an£ l m t * ie neighborhood of the equilibrium values used 

in the examples (see Section 6). 
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4. Coronal Medium 


We choose the line monopoles for the bipolar magnetic field to have strengths of + V 
angular separation of 2 0 M . The two monopoles produce the bipolar magnetic^ 
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at a heliocentric distance of r. There the associated 
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magnetic pressure has the gradient 
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"Y 0 ,u ‘ d " ct l umonum prommence in a coronal medium with various 
values of p x , T x , B or . . 


in the vertical direction, with the radius-of-curvature 
o _ Y 2 -2r/? Q co s6 M + R l 

r - R q cos ^ 

for the circular field line. (By virtue of the current-freeness of the bipolar field, the 
gradient force of its magnetic pressure is exactly opposite to its tensile force density ) 
This magnetic pressure gradient is enhanced by a factor 


0 2 A7a/)[(1 - Q 2 lq 2 u ) 2 + 4( Q 2 /qlf ) sin 2 (f > M ] 
by the polarization current 


\ P = 1 - 2 Wg 2 + <7X/) cos cos 

IQ ~ 2Qq M cos (<p - <p M ) + q 2 M ] [Q 2 - 2Qq M cos((p + <p M ) + q 2 M ] 


( 26 ) 
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Here 9m ('•„ 2r 0 R Q cos 0„ + «|)'' 2 is the distance from the prominence to either 

aZ ' mUlhal ^ f ° r *>* 

r ■» -o/V ♦ 

between the two monopoles, the monopole strength has the value Y 


*V = 2 ff 


1 - cos 9, 


M 


sin 9 


R^B 


M 


O " -xi ± I r = R 0 • 


( 21 ) 
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We choose the longitudinal magnetic field 

B ~« =I =*XH ( 28 ) 

produced hy the coronal current to be horizontal. The associated current density is 
"9 i, / a r. It provides a magnetic force in the force balance 


(29) 

tt t th^. th T graV ? r ti0n u ? rCe a " d ‘ he gradien ‘ ° f Mromagnetic pressure. In addition 
the equa ton of force balance, two more constants are needed in order to determine 

the vertical variation of the coronal mass density, gas pressure, and longitudinal 

Zst'and fhe^ Z ' “ ‘ ha ' ' hegaS PreSSUre VarieS in pr0p0rtion 10 the 

density and the magnetic pressure varies in proportion to the gas pressure, viz., 

r» f 


P = 

1 - 
r I r = Rq 

Bl „ = o „ 


(30) 


(31) 


P X I r = R Q 

These assumptions ensure that the pressure and mass density decrease with the helio- 

o^^^ai^tr us to ca,culate the mass density by n — 1 


1 


d 

dr ^ ^TJp 


gm q p 


KT^ r 


(32) 


rom the solar surface. The ratio p^jp^ divided by the gas constant of the solar plasma 
is the constant temperature T x of the coronal medium. P 

5. Conditions for Upward and Outward Accelerations 

In order for the translational motion to have an upward acceleration away from the Sun 
the hydromagnetic buoyancy force must overcome the gravitational force. The former 
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will exceed the latter if the bipolar field is sufficiently large so that 


B > I GM q p E p3) 

2 + [j + rp~ 1 GM Q (p E - p^)jrlJlR c } 112 r 2 J 0 

On the other hand, in order for the expansional motion to have an outward acceleration 
away from the axis, the outward force must overcome the inward force. The former will 
exceed the latter if the surrounding medium has a hydromagnetic pressure sufficiently 
small so that 

P~ + <Po + i 2p- l B 2 o-\pJ 2 oQ 2 . (34) 

Upon the use of the equilibrium values at t = 0 and the conservation invariants, the 
condition for upward acceleration can be written as 


B 


X 


> B 


oc _L 



i-QUfei.-oHg/ei.-o) 2 

1 - Poo If = o/Pflf = 0 


(35) 


if we ignore the higher-order part of the diamagnetic force associated with the pre- 
existing gradient of the coronal magnetic pressure. The condition for outward accelera- 
tion can be written as 


+ 


lP 


'5 


2 

QO | 


< \P 


oc I / = 0 


+ 


I - 1 d2 

2P 


Ip 






+ 


8pJ 0 1 1 = 0 Q 


If = 0 


1 - 



(36) 


It follows from the inequality (35) that in the region where p x is small, the translational 
motion will have an upward acceleration when the bipolar magnetic field encountered, 
B x± (t), is not less than its initial value by a factor of (r Q | , = 0 /r 0 ) 2 . On the other hand, 
it follows from the inequality (36) that the expansional motion will have an outward 
acceleration in the region where p x + l B xll is less than its initial value when Q{t) 
is less than Q\ l = 0 and in the region where p x + l B xn is sufficiently less than its 
initial value when Q(t) is greater than Q\ t = 0 - 


6. Examples 

In mks units, the magnetic permeability has the value p = 4 n x 10“ 7 * * * T 2 m 3 J~ ', the 
gravitational constant times solar mass has the value 

GM 0 = (6.67 x 10- 11 Nm 2 kg" 2 ) x (1.99 x 10 3O kg), 

and the gas constant for the proton-electron plasma has the value 

K = (1.38 x 10- 23 J deg" ')/^( 1.67 x 10~ 27 kg + 9.11 x 10“ 31 kg). 
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A rKUM/NtNCH LOOP J4 

To fflciJitstc the numerics wp phnrkc 

units of I hour, one h’elioradius and Tg 5 ' ,me ' ^ maS " e ' ic field in Ihe 
W- 6.96 x I0V and B r „ = ,0 4 W 1 viz., ,„ f . 3.6 x I0>, 

density pressure, current density and 1 .^ Ch °° Se ‘° meaSUre speed ’ mass 
^ V4 emperature in «fce units of W , r 

"' rf = 193.3 km s- | , Prer , 2 ., 2 9 ' x a " d ^m. Namely,' 

irons cm ' 3 ), f- rer = 7.958 x 10 - = Jm-s < corre ^<>n di n g to U74 x i°» elec- 

T fi.~ 2263 x 1 ° 6 d «S- In these normalized units h' f 4 3 * l0 ~ 7Am ~ 2 . and 
ability, given by d umts - henceforth, both the magnetic perme- 

(4,xr ' T! " ! '- | ) »JW 

and the gas constant, given by 

For the magnetohydrostatic coronal at , S ^ r ref«ref)- 
3 x 10 9 electrons cm ~ 3 , a temperature of 2 T^IO 6 Kfh ^ C ^°° Se a mass de «sity of 
tudinaJ magnetic field of 2 G at the solar surface fJT'*' * = °’ 8838) and a lon ^ 

a transverse magnetic field of 10 G at the sola ^ magnetlC mono PoIes, to have 

the solar surface midway between the two 


gauss 



monopoles, we choose 


tyan yeh and s. r. wu 


- 5.497 G helioradius, 0 M = 10°. 


The calculated profiles are shown in Figure 4. 

, v F ?L\ Stat ' 0nary prorainen « loop, choose a height of 5 x 10- km . h- f 
2 x 10 km, a mass density of 5 y ton A , . g , 5 x 10 km ’ a ra dius of 

5 x 10 4 K so that: ° e,ectrons cur " 3 , and a temperature of 


'■o- 1.0718, Q = 0.02874, ^ = 3924.2, 

At the site where the prominence resides we have 

Px > = 16.535, p x = 14.614, Bx>n = 1.676, 

The conditions of force balance require 

J 0 = 2080.9, B 0 = 40.574. 


Po = 86.704. 


B x± = 8.054. 


surrounding medium, t currlf oATx t" “ ” Wi ' h ““ 

azimuthal current that sustains a tr.toi ■ i £■ j.U x 10 A and carry an 

tk , sustains a total axial magnetic flux ¥ nf 3 a v , n i2 / 

These vaiues are w ithin the range of typica , 8 values 


ip 

A/m 







1 oINC 

(Tandberg-Hanssen, 1974). It j s seen from 
t>E~r= 17428.7, „ 9Mo 


r o 


0 GM ° 11 /-I IrB 

x ] 7161 ’ —^= 16759.7 , 

> nQ 2 


r o 


l B 2 

K 


^ l B'^ ± 

— = 595.4 


that the gravitational force is lareelv hoi 

10 .he ...homogeneity of the coronal magnefc field Is' ‘‘.“‘Tf’ 6 * ^ (the part due 
prominence current). The hydrostatic h,f , °"' y X55 % ° f the part due to the 

°' 42 ° / «- °" «>« °>her hand, i, is seen froT”^ “ Ve,T Sma "' accountin « for only 

Po ^86.704, 5/I tg2 823.14, inJlQ* = 893.82, 

- 14.615, 1.405 


helioradii 



of the by lhe “li-pinching force 

r 1 rr: “ -* * - ^.ekee “r 

uie5>e values may be translated to (2 ud ) 1/2 - S r 1 , ^ F u ’ 

(2un W 2 = it i/;sp tl . ^ PPic) - J.4U63 G, jf^oQ = 29.903 G, and 

v PPo) 13.168 G. The plasma beta at the axis is 0 IDS! TVio t 

^ Tm 7 " P < c P< ° lar fidd haS two "«*“ Poin^ located at a = 0 187 

q M = 0.194 and'* 63°4* S The^T^ I**”*" ° f ,hc !**■*■*» current with 

prominence curret in the W p^ph^ <Z -°Z' l ^ ^T" * "" 
direction in the upper periphery It is zero „ W.Y " S m the op P os,te 

would be located in the case / h 1 “ *' ° P ° mtS Where the tw0 neu ^ Poi«s 

current sums up to zero. * P ^ 2er °' ° f COUrse ' the t01ai P°'arization 


hclioradii 
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Fig. 7. Evolution of the prominence with various values of d <P„/d t. 
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The toiaTi“ n ofc„ r ‘ S h c e au S 0 eX°a f tempor^T^ '? ^ "* “^brium is ios, 

0 the stren8,hen ”* ° f * — ZrTizz ^rr ic fie,d *• 

d 

- n, = 20.0 G helioradius h - ' f or 0 <,<io hj 

«*“*»»• The initial increase in 
50 lhat the Prominence rises .*”*“* : th ' ^national force 

moving upward, even dunng the short white O h” ^“t 71,6 prom “ence keeps 

ecelerated because the hydroraagnetic buoyancy fn Wl,m the P r °minence is 
ihe gravitational force. Likewise, th^ radius of “e n^" “ " 0t ta * e enou *h *> «ceed 
of increase ,s small in this case because the e Prommence keeps increasing. Its rate 
sure decreases very slowly. To see the dene ! ° Unlered co ™nal hydroraagnetic pres- 
Photospheric magnetic field, we show in F ““-T the Speed of ,he solution of the 
values of d^dr.Itisseenthatthe nrnn, F,gUre 7 the elation caused by smaller 
motion if the evolution is slow With a suffi™* ^ “ P and down in oscillational 
move away from the Sun. p^g TZJ V lhe P™"hne„ce w" U 

downward in response to negative vies of d^/d, ^ Pr ° minence «™'d move 


' • ^wvuMion 

mcl C :[lelml;lTicll;°;T; y ;l^ h r° mag " et,C bUOyan ^ «** which 

examples, not only i„ equihbnum bufloT' ^ h the illuitratwe 
buoyancy force is preponderant with the dL 8 ' motion - the hydroraagnetic 

by the prominence interacting ^ dUe the -rrent died 

spheric currents. The part of the diamagnetic forcT" “ Pr ° dUCed b - V the Photo- 

coronal magnetic field only amounts to a fi ne ? “ ‘° ,he “homogeneity of the 

■s even much smaller. Their percentages^ dZ in 1 ^ hydros ‘ a «K buoyancy force 
conclude that without the action of the dilll e , “r diSta ” Ce ' Therefore, we 

prominences are no, likely to move 17^1? ' !“ — "t. 

In fact, when the prominence is dole J T 7 SUrface ' 
force is enhanced by the mirror-current eflecUKul , ° SPh 7 C D SU,faCe ’ ‘ he dii ™t,gne,ic 
nation current induced on the photosphere It P ^ Raadu ’ 1974 T The polari- 
prommencecurrentintheamountofl^t “ addlt ' onai u P w ard force on the 

,ndUS ‘ 0n ° f this force will modify Equal; (u,®” Va ” Tendapd K^Perus, 


O i. „ GM r 

P E U 0= ~P E 


dt 


GMr 


° + ^~ + J 0 B ooX+r t^lk± + 
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r“ S examp, “' *» « current densit, 

monopoles strengthening at the rate ofdTTdr -*2 O^hT “ *“ = ^ ^ ^ 
slower. See Figures 8 This i* a llfltn „ M ' P romir| ence rises slightly 

is no. sufficiently compensated by - 

™s an a parrerrorr justification for the simplffiedld^ by 

to pronfinen«erupti(ufs drivenTv^du 'l ^'T " 31 ' 0 " 5 presemed lh 's Paper applies 
in weak field regions rt also applies to a eV ° Utl0n of the P h °tospheric magnetic field 
parameter valued ™ ° erUp,i ° nS in regions, with other 
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magltmt I'd a” Z'sZZiT 0 “TlT™' * si,uati °” «•»*» * Wpoh, 

symmetrical shear motion at the footooints. It was f P h ^ rch " fiIament ' llk:e structure) undergoes 
exponentially leading to a new type of global MHD inst "h i t C Ve ^ tlcal plasma flow velocities grow 
Shearing Instability' with a growth * Characterized as a ^amic 
is the characteristic length scale The growth rate a A ’i ^ r A * S average Alfven speed and a 1 
magnitude as the Alfven speed. Thin a n^/ar MH^ * T? ^ ^ reacheS the Same order of 
indicates the following physical consequences - the ce t DS i ? 1 ^ ° CCUrS beyond this point. This simulation 
and the enter dosed loops mSTtht ^ ?° PS •“ P '" Ched by ° PP0Sin * Lor ““ 
to arch filament eruptions (AFE) and coronal mass eTe(“ons (CMeT* °° W Th ' S ““““V may apply 

a numerical example is gtven for three different 
a linearized asymptotic approach T^.Z ™ 8 T d ' Tb ' " ume ™ al results ' vere “alyz.d using 
presented. FinaUy. this theoretical mode, is " 


i* introduction 

Dhotocrdior' 3 ql T er ^ G °' d Hoyle < l960 > Rested that horizontal 

photosphere motion can move the footpoints of magnetic field lines and twist the flux 

number eC f USe ” ' C ° ndUCting P lasma at the photospheric levels. A 

II ™Tr g iT anaka and Naka « awa - 1973 i Low and Nakagawa. 1975- 
‘ !®. 77 ' K imchuk - Sturrock, and Yang, 1988; Klimchuk and Sturrock, 1989) 

studied the evolutton of force-free fields and its role in energy storage (build-up) for solar 
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Ail °f these studies were lira, ted to the case of magnetostatics; self-consistent dvnami 

(im'ZZ Wl j HU ' and NakagaWa (,983 >' Wu ' Hu, -id Krai! 
r h W “ etaL (1986 > Presented a self-consistent MHD model for the nnmn. 

°o~I- " are enerSy bUild ' UP and ~ ass interactions dL" she^and 

issrn at the ph r pheric ,evei - M ° re ■*«*. m*. s^s, 

on rh. d! , ? mp and Welter (1989 > have Presented numerical results 

on the dynamical evolution of a magnetic arcade type due to shear motion. However 

self m ° f S ^ reStnCted t0 symmetric boundary conditions, while in this study 
elf-consistent boundary conditions were used (see, for example, Wu and Wang 1987 
Nakagawa, Hu, and Wu, 1987). 8 ’ y8/ ’ 

In this paper, we use the time-dependent MHD simulation model devised by Wu Hu 
and Nakagawa (1983) to reveal a nonlinear solution for the evolution o the magnet c 
lie d configuration dnven by shear motion. In this solution, we find that the pTasma 
ve octty the vertical plane perpendicular to the shear, grows exponential” in a process 
Inch can be analyttcally described by a linear MHD instability. This upward velocity 
teadily increases until it reaches the average Alfven speed. At later times a nonlinear 

resit At the 2 A Pi " Ch ° CCUrS “ ‘ he '° Wer shear re P°" i" the numerical 
results. At the same ttrae, mass and field line expulsion appears in higher parts of the 

egion and the closed field tends to open locally. We suggest that these new effects (i e 

mushroom cloud-like flow, pinch, and expulsion) can explain the formation of current 

from the loZtuTct f “1 "F" “ d the ° f particle *ms to escape 

of in fii f Specifically, we suggest that this model applies to the eruption 

“Sr (A h FES) and ,he ' r rdati0n 10 "on-fl-associatel cllZa:: 

given in Section 2 A^n TT* d ® scn P tIon of the model and numerical results are 
Section 3 An r r ^ P yS1Ca interpretation of these results is presented in 
S r a PP 1Catl0n of thls model to specific coronal phenomena is given in 
Section 4, and the concluding remarks are presented in Section 5. 


2. Numerical Simulation 

' 10 illustale how shear-induced non-equilibrium occurs, we use a theoretical 

fomDd„ n ts W of C y a lW °- d " ne i nsional bi P° lar undergoes a steady shear velocity at the 
footpo nts of its magnet, c loops. The shearing motion is sketched in Figure 1 fa) and 
the initial bipolar field is shown explicitly in Figure 1(b). ’ 

shear”™™ Perf ° rm * S ‘ mulati ° n of the d y na mic response of the bipolar field to the 
shear. Then we use an analytical method to interpret the simulation results The 
sirnu ation model is based on a two-dimensional, time-dependent, MHD model (Wu 
Hu and Nakagawa, 1983; Hu and Wu, 1984) with an improved FICE (fI-i1m' 
Contmuous-Eulenan) numerical scheme (Wu and Wang, 1987). Symmetrical side 
boundary conditions have been replaced with non-reflecting boundary condi ions 
Thts implies that the physical phenomena are determined by the solatia a^a specie 
time and are not determined by the specified boundary conditions as in the case 
studied by Mtkic, Barnes, and Schnack (1988). The physical conditions ou tfit 



(a) 




V 7 

Sketch of tl t\VO-dimensinmf 

motion as indicated by the arrows, (bl Explicit bip o"aTZ‘ ^ “ Subje0Kd to ■ rootpoint shea; 

Equation ( 1 ),. The photospheric boundarv extendst aT^Tx ?n? t 0gy T r “ ,he Shea ""8 i 
The verncal extent into the corona is to v = 8 x 10* lL t °- km “ b ° th directions from the ori; 
— -s a. Whtch horironta, surceys wii, be tf ^“^,5 ^ 

motion at the footpoints. 8 



0-e., \x\ 52 8.4 x 10 3 km, 0 <: y < 8 x 10 3 ti\ ^ ' TbU \ the com P u tation domain 
boundaries (i.e., top and sides) whil th w consists °f three free non-reflecting 
method ofprojeeted character iirs M ^ b0,, °” b ° Undar >' 0- * 0) is treated with the 
The baste equations for th"^. f ’J ’ ^ l987; Hu “ d Wu - >984). 

conductivity, no viscosity and symmetry tao ependent MHD «l uat 'ons with infinite 

■983). So, ar gravity, piaaLpre^d^dTor “ d 

sidered. None of these characteristic ’ ■ d com P re ssibility are explicitly con- 

and Schnack (1988), and Biskamp and wIL^O^^hale ^ ° f MildC ’ 
bility in a special way. 89 have ° n y consi dered compressi- 


The initial conditions are (see Figure 1(b)): 


Po = p c exp - 


gy 


’ T o= T c , v x , v y , v z = 0 , 


v RT C/ 

8x0 = B ° t cos WJ e ~ ay , B y 0 = -B 0 [sin (ax)]e~ a \ B z0 = 0 , (1) 

a = 7r/2.x 0 , -v 0 = 8.4 x 10 3 km , g = 2.71 x 10 4 cm s~ 2 . 

Theplasmaparametersaretakentobep^ L67 x 10~ 12 g cm -3 and F c = 10 5 K The 

“f!/ RTJ8 ' 6A X 103km )-da-^6.3 x 10 3 km are'the same order 
magnitude. These parameters are representative for solar conditions at the higher 
chromosphere and lower corona. The computation grid points are: 

*,•= -8.4 x 10 3 + (/- 1 )Ax, i= 1,2, ...,22, 

y, = (j- l)Ay, j= 1,2,..., 11, 

Ax = Ay = 8 x 10 2 km ~ 1 arc sec . 

The non-reflectmg boundary conditions, as noted above, are used for the top 

e -hand side (x - x,), and right-hand side (.v = x 22 ). The conditions at the bottom 
boundary (y = >•,) are taken as follows: 

P = Pc, T = T c , By = B y0 , V x = o , but Ly, v z ^0, 

w c sin(a.v) if \x\ < 5.2 x 10 3 km , 


v, = i 


(6.8 x 10 3 - \ x \) 

w c (sgnx) sin (5. 2 x 10 3 a) 


1.6 x 10 3 


if 5.2 x 10 3 < |*| <6.8 x 10 3 km, 
if 6.8 x 10 3 < |.v| <8 x 10 3 km . 


( 2 ) 


The other physical quantities (p, T. ft, ft) are computed by means of the 
compatibility equations for the non-reflecting boundary condition which assures the 
consistency of the numerical computation. 

In order to understand the general physical behaviour of the nonlinear solution from 
he mathematical model, we have performed three numerical experiments. These three 
cases use combinations of magnetic field intensity and magnitudes of the shear velocity 
The results for these three cases are described as follows. 

2.1. Large plasma beta (/? 0 ~ 154) 

In this numerica! experiment, we choose the initial plasma beta (ft) to be 154 where 

6 ne , a5 " U Pn and ft, being the plasma pressure and magnetic 

field strength at the lower boundary (i.e., y = This is not a physically realistic 

6 °Lf SOar ac,lve region; ^ ut does provide a basis for comparison with the other 
cases. This case corresponds to a local, exceedingly low, magnetic field strength of 


i .ADiLl j i , 


“ 1 UI1 i L/RUU l .N.AiVIl^^, 


2.12 G at the origin, x -y - 0, as shown in Figure 1(b). The shear velocity w was 
, , taken to be 5 km i s . Ftgure 2 shows the evolution of the magnetic field line's due 

u to the shear mot, on at 200 s < , S 3200 s. It is useful to examine the evo u, onar^ 

behavtour at vartous Alfven times (defined as r A . l4y (or d*)]/F A J “hlT 


200s 



2000s 



2800s 




P- ~ 10 4, T a ~ 1700s 

case(i): /? () = 154 and the Alfa-nTm? t ThTh”™ 8 footpoint shearin 8 motl °r 

time, r A - 1700 s. The honzontal axis represents the distance f 

x 22 as shown in Figure 1(b). 
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fi A t — l 4 ' 6 km S ~ During the ear| y sta § es of evolution (that is, within the 

rs Ata tme), the magnetic field lines rise together in an orderly fashion in response 

( 1 98 11 t'dTr'T behaVi ° Ur iS 3130 PreSe " ted in the analyticai solution of i Low 

1981) and the force-free numerical solutions of Klimchuk and Sturrock (1989) although 

neriori° ,h “7 " dynam ' CS and ^vitational effects. After the first Alfven time 
period, the evolutionary behaviour of the field lines becomes more complicated 

on .near interactions take place between the shear-induced mass motion, magnetic 
field and gravity with the result that in some regions the field lines are bunched together 
to form a current sheet (see Figures 2(g) and 2(h)). Further understanding of these 

h ; n °r 3 ' S pr0vlded by the representation of the shear induced mass motion as 
shown by the vectonal velocity field in Figure 3. Notice that the inclusion of magnetohy- 
drodynamic effects, in contrast to the kinematic study of Low (1981) causes upward 
mass mot , 0 „ addition to the up-lifting of the magnetic field lines bec’ause the plasma 
has to move with the field lines under the conditions of infinite conductivity as 

t™ UDlifted f 7T d COmp0nent ° f Lorentz force ' Note, however, that some of 
the uph fed piasma (in the region displaced from the origin) slows down under the action 

* upward Tr SeS a° n ’ and faUS baCk l ° ‘ he SUrfaCe ' Most of ,he however, 

988? d r' 5 ! UPWa maSS m ° li0nS 216 alS ° f ° Und by Mikic - Ba ™es, and Schnack 
(1988) and Biskamp and Welter (1989). However, these workers did not include 

compressibility, pressure gradient, and gravitation as noted above. The present study 

winch does so explicitly, demonstrates a different evolution in the later stages 

we im'rod UC , e h T ard m0t '° n Ca " be eXplained ™ our governing equations. When 

the ind , UCe he Shear Tu '° n an axial field com P one "t, will be induced through 
he induction equat'on. The additional magnetic field will cause an additional magnetic 

boTth! hor , 7 ! hC — Um eqUat '° n ' ™ S addidonal P ressure gradient induces 
th the horizontal (uj and upward (ty) motions as shown in Figure 3. Subsequently 

the ToTZT^T™? WUh b ° th ‘ he ma8netiC fieW and graVity ' CIoser t0 the satfaee. 
ecombineci effect ,s dominated by gravity, and the result is the cluster of magnetic 

twice the * h “' “ f ° rmed “ $hOW " FigUreS 2 « a ” d 2 < b > a > — * 

hanc 81 "^ 6 d . Sh °' VS '7 P lasraa properties (i.e., density temperature, and pressure en- 
nf th' men 7 erm / S of Pereentage change from the initial values at each level) at the end 

hdih.Vr UOn ' = ^ m ° re lha " 2zJ - Th “ e P r °P erties ^ shown at various 

.. f tL } 2 ’ y “' 7 6 ’ and } ' 0 ' as ShOWn ln Fl8ure l(b » as a function of horizontal 
distance. These results also help to explain the magnetic field line distribution. That is, 

e ig ensity magnetic field region shown in Figures 2(g) and 2(h) within the 

density by 20 /„ (i.e., A/, Ip ~ 0.2), temperature decrease of 20% (i. e „ A TIT ~ - 0.2) and 
magnetic field strength i (AB/B 0 ) increase by a factor of 3. These properties are similar 
hose for a current sheet. With these properties in mind, let us now turn our attention 
to the plasma flow patterns as shown in Figure 3. The plasma flow rises initially above 
the zone of maximum shear velocity. At later times (say, from 1000 to 2000 s), the 
p asrna flow moves toward the central region in a pattern reminiscent of a mushroom 
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cloud. In the later stages as shown in Figures 3(a) 3n H iru\ . 
motion is again concentrated in the neiahhn u a ^ sl S n ^ c ant plasma 

the region where the mag^i i ft W es “ ° '^ **“« "»*“• ™* is also 
and 2(h). lmeS have been cl “stered as seen in Figures 2(g) 
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2-2. Intermediate plasma beta (i.e., A , , 54) 

case (i). Therefore, we shall not ep^. a f ,’ ^ PreSSUre > ™ ™ilar to 

interesting features that appear ZZelXZl ' Ne “«, there are some 

fields as shown in Figure 5 "olutionary results of the magnetic and velocity 

‘ve e |ocity C o? £* ^ ‘ he ** 

region is especially notable. As a result the closed "I* movement in the central 
We attribute this to the force created’ by the a sc »dtae ‘° be ° pened up ' 

initiated by the shear prescribed at the lower hound ’ d ' ng ‘ noven,ent °f mass motion 

by the mushroom cloud-like ascending mass mm ^ h ‘ gheSt Velocity Gained 

cenamg mass motion is about 25 km s - 1 at t - 700 s 
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Time = 700 s 


(f) 


Evolution of magnetic field lines and vectorial velocity fields at various times for case («)• R 
The characteristic Alfven time for this case is r A = 174 s . 


(U., ~4 Alfven times) after introduction of the shear motion. The correspondim 

t::::7rr b ?. SUmmarized as follm «: density decreases by about 50«i 

at the legs of the intermediate loops marked by the footDoints r v a „H , . , 

in Figure 1(b). Again, the pinch effects discussed 

the^Td 7 - C denSUy mcreases b y 25% ; the temperature decreases by 30°/ • and 
the field strength increases by a factor of 2. /o ’ 




2.3. Low plasma beta (i.e., ft * 0.06) 

106.3 t0 a more realistic value of 

parameters. The initial plasma heta ' without changing the other plasma 

case (ii) and 2500 times smaller than casTfi) Aet!'' 06 ,h WhiCh | “ 25 ° ‘' meS Smaller than 


P 0 = 0.06 
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Fig. 6. 


Evolution of magnetic field lines and vectorial veloritv fi.u . ^ 

The characteristic Alfven tine for f ° rCa! ‘ 
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corona, filament eruption, shear instability, magnetohydrodynamics 

higher than for case (i). We note that the time required to reach the maximum velocity 
is much shorter than in the other two cases. 

Tn order to examine this phenomenon further, we plotted in Figure 7 the planar 
maximum absolute velocity (i.e„ (r» + in the neighbourhood of the apex of the 

arcade as a function of time for the three different cases. We choose to plot this 
parameter instead of the upward velocity, r„ because the representative parameter 

* + \ ' S re atCd ‘° ° Ur analytlcai analysis that is discussed later (and in the 

Appendix). Actually, the numerical results show that the horizontal velocity, r„ is only 
/o ° t e vertical velocity, v y . First, we point out the change of scales that was required 
for the three cases (i), (n), and (iii). Second, we direct attention to the common features- 
an approximately linear initial phase followed by a smooth transition to an explosive 

upward mass motion. The latter phenomenon is representative of the upward reeions 
as discussed earlier. 


(a) Po~ 154 



It is interesting to relate these results to the magnetic field evolution. For example 
we direct attention to Figures 2, 5, and 6 where, in the early stages of the evolution, the 
change of field lines is regular with a slowly ascending movement. This upward motion 
is also present in the force-free analyses of Low (1981) and Klimchuk and Sturrock 
(1989), and the numerical incompressible simulations of Mikic, Barnes, and Schnack 
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6, we notice that the W field t Z pSel F *"“ 2 ' 5 ’ “ d 

to open up when the maximum planar velocity exweds^ Alfv UPPW ” el lj mes tend 
speed for these three cases is 4 67 km s ~ 1 46 7 L - 1 60 Speed ' Alfven 

The maximum footpoint shear mohon „ ’ , * ’ “ d 232 km S ~ ' ' respectively, 

the latter two cases but fast compared’ S ° W compared to the Alp ven velocity in 
a sequence d *! si °“ in *" cases. iLs 

found in the early stages which ends’ w h WUh frozen ' m magnetic fields is 

exceeds the Alfven speed and the svst ^ u & magnitude of planar maximum velocity 
shear-induced “ We ^ that this * a 

that omitted compressibility pressure d’ ° Un U1 . the ear,,er numer ical simulations 
boundary conditions We shall return lent ’. gravity ’ and the different treatment of 
analytical results. l ° ** P ° mt Iater for further discussion utilizing 


3. Further Interpretation of the Simulation Results 

mZroorcird“!LTLTto r aVC f0U h nd that the bUOyanC y force ^ to a 
ward. In order to understand this result further ^ d ° Sed magnetic fieid up * 

with an approximate analytical solution : ’ $UPP Cment OUr num encal simulation 

3-1. Creation of mushroom cloud-like ascending motion 

mZl^r^mr three CaS6S ’ We ° bSerVe that the shear *i nd uced 

ponent of the Tagnetic field 5 ThT^ ““ * ^ corn- 

gradient (i.e., 7(B 2 /8n)) which cause ^° mponeat glves an u P w ard magnetic pressure 
corresponding ^ T *“ a " d 

generated near the origin (x . o . n Z a ^ ‘ hl “ n ° B ’ COm P onent is 
such that we observe the field lines h ‘ ° S ^ ^ 1S S t0 a downward force, 

shown in Figures 2. 5 and 6 “ em8 , SqUee f d t0 8 ether form a current sheet as 

approximation. The justification for th° Int ' 1,UStrated rurther by using a linear 

results that show that the initial stale of T °h iS S “ n fr0m the numerical 

shown i„ Figures 2 3 5, Z 6 *“***« -otion behaves regularly as 

(for thlderivafcml”^ Append*): ^ ^ C ° mp ° nent B - is the following 

~ C ' € aVcos(ax) cos [ L #x (e~ ai cos(ax))~ 1 ] sin f (r + t 0 )La ) 0 ] . (3 ) 

This result expresses that the induced magnetic field R rice c u , 

(i.e., y = 0)and soreads u * nses from the lower boundary 

by Equation (A.8). It could be no^om"" d^atTxplmially 


j m vp«i ,, lh 

<-anl; 
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! 

with respect to the increase of y (height), because the term, cos[Z,a.x (e ~ av cos(ax)) ~ 1 1 

;■ in the central region, varies slowly with height. J 

Finally, the coefficient c, corresponds to the shear velocity (w c ). The part of the total 
upward Lorentz force ( -J X B Z = - d/dy(B 2 /2)), that causes upward acceleration is 
H independent of the sign of the coefficient c, (or w c ). 

3.2. Shear-induced instability 

From the simulation results shown in Figure 7, we found earlier that instability sets in 
when the absolute maximum planar velocity exceeds the Alfven speed. In order to 
substantiate this claim, we performed a linearized analysis in which an approximate 
linearized solution for the planar velocities (u, v) was constructed as shown in the 
Appendix (Equation (A. 13)). These velocities are as follows: 

«i = 5' e~ 2ay sin(2ax) , 

i’, = b' e~ 2ay [\ + cos2(nx)] . ^ 

The electric current along the z-axis can be estimated, to the first order, as 


4tt cB v 

c 


— 1 = 16 a 2 B 0 e~ 3ay 
8y 



b' dr. 


( 5 ) 


which means that the Lorentz force c - 1 (J Z B X - J X B Z ) leads to ascending flow, because 
- 11 has been shown in th e Appendix that b' is always positive and has an exponential 

growth rate as shown in Equation (A. 16). We have identified this phenomenon as the 
shear-induced instability since the numerical simulation results shown in Figure 7 are 
consistent with the analytical analysis. It is further noted from numerical results that 
the term -c - l J x B z is always upward. 

The results for the evolution of the magnetic field configuration shown in Figures 2, 
5, and 6 show clearly the two-stage evolution that we discussed earlier. The first stage 
' the evoIutlon can be described by the linearized solution given in Equation (4). The 
' second sta 8 e of the evolution involves the pinching together of field lines in the region 
where the shear motion was applied. If the three factors noted earlier (compressibility, 
pressure gradients, and gravity) had been absent, we believe that our results would have 
been similar to those of Mikic, Barnes, and Schnack (1988). Our current sheet, however, 
developed horizontally, whereas their current sheet was vertical. We explain this 
phenomenon by examining the distribution of upward component of the Lorentz force 
(i.e., c l (J z B x - J X B Z )). To illustrate this viewpoint, we use the results for = 0.06 
because this case best resembles the real physical conditions in active regions The 
results are plotted in Figure 8. The left-most panels show the horizontal distribution of 
the vertical component of the Lorentz force at different heights from.y, toj> 10 (as shown 
in Figure 1(b)) at 25 s after the introduction of the shear motion at the lower boundary 
A noted earlier, the Alfven time for this case is ~ 35 s. This result clearly indicates the 
first stage of the evolution due to the introduction of shear. All the forces are in the 



-v i • V\ l l: , \ , 


t - 25 s 


t = 100 s 


t = 21 3 s 



Fig 8. The total ^--component of the Lorentz force per unit area at / = 25 s inn s ,nHin 
levels in the solar atmosphere 1 1 = v i- „ tP »Ti, aU s - 100 s > and 213 s and at varioi 

A) = 0.06 At t = 100 s labour It \ 'h' 2 ’ l " The re P resentative Alfven time for case (iii) is 35 < v 
intermediate heights ha!e a combmadoTof un n ° i ? lme , ar , stage of evolution ’ the Lorentz forces at tl 
line pinching (see text). This pinch effect is mor^noMcri^ “““ T ^ 

orizonta! ax 1S represents the distance .v, ... * aa as shown in Figure 1(b) also sCwnTr^uresl ^ 


upward direction which means that all field lines are lifted up in an orderly fashion Th 
magnitude of these forces is of the order of 3 x 10 ~ 9 dyne cm -2 The middll panel 

:::^ztz up T co T nent ° r the Lorentz r ° rce at ,=w ° s ^ 

nThfelrr !' r 1 are reflected in lhe nonli " ear of the evolutioi 

me^e aUUudr " b °' h “ d d ~ d directio " a ‘ infer 

This bi-directional nature of the Lorentz forces causes the field lines to be pinchet 
gelher in the lower regtons as shown, for example, in Figure 6 for ft = 0.06 Thi 
particular feature is most pronounced in the results shown in the right-most panel 
A If c show ' he vert,cal component of Lorentz force at t • 213 s; this is about sever 

of this" Loremz f * ' ntr ° dUCti °, n ° f the shear - We note lh “‘ *e vert, cal componenl 
of thts Lorentz force decreases at htgh levels, but, in lower levels (i.e., y, and r,) two 

veoi strong oppositely-directed venical components of Lorentz force <~ l x 
Vue cm } a PP ear - The forc e at v, is upward and the force at t 2 is downward. 
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These two forces cause the field lines to be pinched together as shown in Figure 6(c) 
Further discussion of this point will be inciuded in the next section as part of a gen I 
scenano for shearing motions of magnetic arches or bipolar regions. 


oicuario 


From these simulation results, supported by the linearized analytical solution, a physical 
scenano is proposed for the formation of an 'Arch Filament System (AFS)’and its 
eruption as part of a more general scenario for 'Coronal Mass Ejections (CMEs)’ A 
schematic representation of this scenario is presented in Figure 9. After introduction of 
shear motion at a b, -polar region, all of the field lines will first be lifted up in an orderly 
fashion due to the shear-induced upward Lorentz force before the absolute maximum 
upward velocity reaches the local Alfven speed; this is the linear stage of the evolution. 

en this upward velocity is in the neighbourhood of the local Alfven speed, the lower 

r: ' * ™ agnel,c field llnes are Pinched together, and an arch filament system is 
formed. At the same time, the upper part of the magnetic field lines is pushed upward 
and a certain amount of mass is earned upward. This upward mass motion is shown 

!f Ure 10 m ' erms of contours of zip and Ap that move upward at all but the lowest 
gravitationally-bound heights. 
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Fig 10 (continued). 
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Finally, when this absolute upward velocity exceeds th* Air ' 
induced instability sets in as shown u *u Y d th A,fven speed > the shear- 

analytical solution in the Appendix rE a n V M nU ^ riCal reSU, ‘ S ° f Figure 7 Md •!* 

scenario with the available observations 3 ( ^ the followm 8 we compare this 

authors (b3 !“ ZTbZ ZT b “ * ™any 

Harrison 1986) These luL h ! Z ' %5; Martres «< 1966; 

connect Ireas of oppXe po«iII Td T ^ “ (AFS > ^ 
magnetic field. Bruzek (19691 has no' a Cr ° A S * * neulral ** ne in thc longitudinal 

1C IS lis expansion in height with an ascending velocity of if. os v - 1 • , 

footpoints rooted in the two opposite spot t J„ Tl 7 S W “ h 

!nZiT;?*;r: ,a z masnet,c fie,d iine 

little lateral movement. 'll Tas ruX^noted^htt TfS hastothd ^ 
polarity On the ofher hand h, chromos P h <« ™ another leg that has opposite 

always lead o a b to smt onZlTZ Z f“ 3 “"' p °"-‘ would 

of flo y ws in hlamems are l m evidXe £££ “ " 0th “' “re. observations 

since the relative motion of hinni ■ u ^ Wever ’ such evidence is not needed 

shearing. Nevertheless this con VX ' S ^ " eCeSsary and suffi cient evidence of 

Doppler sZTZ2Z:°:z zzzzLriz r on ,s based ° n 

complementary evidence of hori™ , i u Y ’ 1 1 partia,,y ’ be recognized as 

sr. ,i r » *■* — «. 

sub-photosphere. As it rises its area inere blp0 ' ar k Suns P° 1 ^“P from the 

polarities gets longer and longer. Then a poriion"„f TZ Z thC ° PP ° Si ‘ e 

as a two-dimensional bipolar field ■ . . 6 e can ^ reas °nably regarded 

ttuh 3 e»mr ( fuXXhrs7 e ^ 

gr wtn time ( k a u) of the shearing instability is about 30 min which is a typical 




Fig. 1 1. Behaviour of and See Appendix (Equation (A.12)). 


the formatLnTf ^ SimUlall ° n model may be appropriate to describe 

rormat,on of AFS and the eruption which leads to some CMEs. 

5, Concluding Remarks 

We have used a time-dependent, nonplanar MHD model for a bipolar magnetic region 

wa a ; sss -tz “r nts - 

features were identified for all cases with the differen^I^ly^urt^in th^Zing 
o the events vts-a-vts the characterist.c Alfven times. An essentially linear "Zy phase 
upward mass motion was followed until the Alfven speed was reached and a 
shear-induced instability is initiated. This nonlinear instability may be the basic 
mechanism for arch filament formation and subse q ue„t coronal masfejections 

evolution of Pm '° n ’ , J eV ° IU,i ° n “ ° Ur simulation is a«ord with quasi-smic 
olution of magnetic arcades demonstrated by Klimchuk and Sturrock ( 1989 ) In their 

work, a very low beta plasma was assumed, and therefore the magneticZld iZnaJfected 


C -2_ 


■V * - vv L Li 


by pressure and gravitational forces. Our simulations are also in accord with the 
ynamic evolut.on of magneltc arcades demonstrated by the numerical simulations of 
‘ Ban, , eS ' and Sthnack (1988 » Md Biskamp and Welter (1989) in both the early 
TJ , 7 $tageS ° f tWS eV0 ' Uti0n deSpHe ,hdr "^ect of compressibility, pressure 

' a " We dld not find the reconnection and formation of an ejected 

plasmoid, as Mtktc, Barnes, and Schnack (1988) did, since we assumed electrical 
resist, vtty and viscosity to be zero. During the late stages of the evolutionary develop- 
ment, when the plasma veloctt.es surpassed the Alfven speed, our numerical simulations 

TaTaC T and CataSlr ° PhiC Up ™ d “*» a ‘ altitudes 

exttnTe L T*" aCC ° rdinS “ ,he ^ rule for similitude. For 

p 167 X T” ”“T : eSUltS - COmpUted 0n lhe basis of r o - 105 K and 

° I 67v m- 13 8 cm 3 ’ Can be SCaled 10 ™ tlal c °nditions of 7j - I0 6 K and 

r = u - /I*™ by lntroducin 8 a sel °f scaling parameters; r, = 

1 ■ °’ V ' v ' T ‘ - a V. Pi - Vo. Pi = Po, and B, = B 0 which leave the 

7mm h rian ' £" ' T" ? aSma be,a ' In a recem sludy of sirailitude 

eory, Wu e, al. (1988) have shown that the present results also apply to the physical 
condmon represented by these different initial conditions. P 

As another example of the use ol dynamic similitude, we may pose the following 
quesrion. ,f the footpomts are moved slowly enough that the evolution is quasi-static, 
e magnetic eld closely approximate the static equilibrium states? Although 

WeheMdSdt.h 7 ( “ didMikic ’ Barnes ' Schnack, 1988, and Biskamp and 
, . ’ * b ha answer 15 > es ’' the reader is reminded of the values of the shearing 

vekxaty r 2 used in the present studies (e.g., 15 km s - maximum, for ft = 0.06) and 

TV 30 km aSS “ med by MikiC ’ Ba ™ eS ' and Seta**. 

than 'th A if ■ a ,au - h lhcse maximum footpoint shearing velocities are much less 
velociries " ^ ’ y arc a faCt ° r ° f ab ° Ut 10 iargCT than observed Photospheric 

In summary, we consider the results given here to be representative of a realistic 

evolXn iZ ‘Tlif P ° Sed PhySiCal Pr ° Wem of sheared ma S“‘ ic arches and their 

evolution into arch filament eruption and coronal mass ejections. 

Family, we remark on the relevance of our results to the observations of some CMEs 

as reported by Harrison (1986). The major point of his work is that a small X-ray burst 

71171 C MF C t Ver ,h° nSet ° f 2 CME> ° flen f0U ° Wed by a large X - ray later 

on during the CME. In the present work, the formation of the current sheet coincides 
with th e rapid increase in the velocity of the upper portion of the field lines. One could 
interpret the latter, as already discussed, as the onset of CME, while the current sheet 
formation could ead to a burst of energy dissipation (not shown here) which would be 
visible as a small X-ray burst. The simultaneity of these two events is consistent with 
the observations of Harrison ( 1 986). This could be another indication that these numeri- 
cal results indeed represent a basic mechanism for the initiation of CMEs 
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£1 Appendix 

_ To obtain an asymptotic solution for the relationship between the footpoint shearing 
-velocity, w, antj fl. in the first stage (linear stage) of evolution during which o n T B 
-By vary slightly, we write ’ ’ v ’ 


P~Po + Pi, P = Po+Pi, T=T 0 +T x , B x = B x0 + B xl , 
B ’ = B r o + „ , 


(A. I) 


where subscript 0 andj^ indicate the zero-order and first-order quantifies. And, | v , | 

'' I, ' 1 * ABV4n speed - Inserting (A.l) into Equation! 

_(-.4) and (*..7) formerly given by Wu, Hu, and Nakagawa (1983) and leaving out the 
higher-order quantities, we obtain the linearized equations 

+ B > o b B yo b„ 

dt V 4jr Po dx 


v/4,p 0 


8y 


2 nA^Po s/^np 0 ’ 
(A. 2) 


WLlLfi *Pb) _ gt^t [ ig y0 dv ZJ 

dt sfenpo dx s/4np 0 dy 

where p 0 = p c e~ b \ b = g/RT c . To solve Equation (A.2), we construct the auxiliary 
equations J 


^ = S,o(4ka,)- 1/2 + Bro( 4m) - , l2 _ 

* dy 

d ( B zls/4np 0 ) r, (a c dv* P„* 

= ^,o(4 n Po r l/2 + £,,o(47rp 0 ) - 1/2 Sh. . 

01 ox dy 


(A. 3) 


Substituting 


v* + 


B* 


F + = 


v 74 


*Po- 


)* - 


5* 


= 


\/47rp 0/ 


OF POOP QUAUTY 


“'I*" "i l.iwihii, 


’ V> l- I. I % 4 . 


Equations (A. 3) reduce to 


- B 0 (4np c )~ 1/2 e ~<.a-b/2)y 


dF + flp+ \ 

cosax — -sinax ~) 
dx dy )’ 


^ = B °^r‘"*-<°-^(- cosax EL + sinax sr 

A dx 


Since solving Equations (A.4) is equivalent to solving their 
differential equations (Courant and Hilbert \W\ > • 8 h 
as follows: ’ 1962) ’ 11 ,s eas V to 


living tneir corresponding ordinary 
it is easy to write down the solutions 


where 


F + - <t>(e- av cosax, t(o 0 +f(ax)( e -°r C0Sa x)- * +H2 a) -> h 

F = ° V C0S ax ’ tco o ~ Rax) (e ~ °y cos ax)~ x+ ^ ) - 1 ) > 


(A. 5) 


.x. 

= , /(*) = J (cosx-J-^-dx' 

0 

Considering the boundary value of r r , 

we can find the following solutions^ ^ ° Sheanng) and usin g Equation (A.5) 


V * c,e ay cos ax cos {L 0 sin(T rj ) , 


(A. 6) 


where 


JZZ) * C| * " Wcos « «n(£{)co 5 a,). 


^ ( o)% ’ ^7 — cos #;t) 1 + H2a) - 1 

‘is are “' egra * k,n constants. Back to solving Equations iA 

(8-/V4n A) ) sattsfy the equalities (A 6) exceot that / q (A - 2 > SU PP°« ‘V, 
functions of*, y. Thus P ” at L ' C ' are now not constants bu 

v ’>’ c ^y)e->ooslax)cos(L(x,y)Osi n (L(x, ,■),) 

( go \ ' 0.7) 

l V^Vb/ C| v) * " COS( “ ) sin(£ fe M) cos (L(x, y)rj) . 

St! Hairs th *"» 

cL fir 

cosax - sinax — = 0(x v L\ 

dx dy ^ ’ y,L) ’ 


Q(x, y, L) = - (h/4) sin(M) sin(2L - C) sin(2ij?) 

X fC s\n(2Lrj) - f/sin(2LQ]~ l , 


(A. 8) 


with boundary condition L I, _ „ - 1(4 After L has been found, (Inc, ) can be obtained 
in the same manner using the following equation: 


cos(ax) 


<3(lnc, ) 

dx 


- sin(ax) 


gQnfi) 

dy 


= [ C tg(£ C) - tlctg(Ltj)] Q(x, y, L) . 


(A. 9) 

In facbwe only apply (A. 7) to explain the physical nature in the lower shearing region 
where ft, = 0 8 ft, therefore L and c, can roughly be regarded as constants. 

It is difficult to find an asymptotic solution for r, and a,. Let us consider case (iii) 
o strong magnetic field, in which the inertial force and -7p and pg can safely be 
Ignored Insert, ng (A.l) into (2.2) and (2.3) of Wu, Hu, and Nakagawa (1983), the 
linearized equations are given as follows: 


- d v xi 1 


' M.ri _ <%,' 


dy 


dx 


~ - B„ Si 

4n dx 


p 0 ^=-± B (^_O 1 )_± dB zl 

8t 4 * \dy dx) 4 n 


(A. 10) 


where the terms 


__L „ , 

4a " dx 


~U,Sl 

4 n dy 


lation Fmm f A d 7 W d h er ‘’Tl'i”' ^ keP ‘ in ™ W ° f aCtUal ma ‘het»atical manipu- 

lation. From (A.7) the partial Lorentz force can be written as 


(4?rp 0 )- ] B zl — jl = (, cfa/2)(rj' + rj x )e~ 2ay sin(2ax) sin 2 (U) , 

(A. 11) 

dB 

— (4zrp 0 ) ' B zX — ^ = (cfa/2)rj' e~ 2ay [\ + cos(2ax)] sin 2 (LQ, 

where n ' and rj x are slow-varying functions of x, y. The representations for n \ are 
very complicated in the case with gravity, but we only deal with the lower central part 
of the domain where p~ const. Thus, the gravitational effects could be ignored in 
quation (A. 2), then leading to the solution, 17 ~ ax e ay (cosax) - *, B, x ~ B* There- 
fore, and >7, asymptotically approach the case with no gravity. In such case n' and 
17 , take simple forms as 

n' = (cos n) 2 + n cos n sin 77 , 
h = L e ay cos 77 sin 77 (sin ax) ~ 1 , 

77 = L e ay ax (cosax) - 1 . 


(A. 12) 


r iw 'in i 
i. m 1 1 


F 0<: ~7 rt ‘ than 0., then 

*' + 1, within the range |ax| < n/4 (aTi) remtad ‘° ‘ he f d,ff = renCe betWeen " and 
velocity and force so we suppose vellity ^ ^ 


i’ v , = b' e~ 2av 


sin ax > v yX = b' e~ 2a *[ l + cos(2a.v)] , 


, ' 'i » f A. 13) 

llening •^‘*‘*'7'^ *«“• 

time variation of current JJc can be found as ^ ^ ° 983) the 


<^{dB r[ cB„\ 

= l 6 a 2 - S » S 'e' 3 “Vcos(nx). 


a. i4) 


it go to limitation when y goes to zero we nht • A '* P mt ° '* and then ]etting 

> sues co zero, we obtain one equation 


c t 2 


o 8r A n 5 \ y ^ 0 + (c x a/2)t] \ y = 0 Lco 0 sin[2Lco 0 (t + / 0 )] (A. 15) 

d d'/d/ 1 n k n P ° '• Glv,ng the condition: d' 1 = n 

dd /dt\ ym0 = 0 when / = 0, we obtain an asymptotic solution as ’ 

«■ I = [(=c + ffl/2] exp(yj r A a») + [(« - /?)/2] exp( - ^8 r A «) - 


- a 


sin[2Z,qj 0 (/ + / n )j 
sin[2£a> 0 / 0 ] 


(A. 16) 


with 




/?_ ^ ^pCj 2 /?' | v _ n L 2 n'c 2 / v 

8 v/2 + 2r 2 ^) ^^o) ~ ^ > 0 • 

Generally, we can find an approximate solution Tor ,k„ 

Of which is the same as (A.16) except for the substitutions!, ' ^Tw 
where r l l y = o> 1 a d } $ , 


yi 


d' = I d' dy/y 2 , 
0 


y 2 


w = 


^'d^ 2 , £ 2 = F 2 i e- 2 °y<\vlv 


o 


d>7>’ 2 • 


From (A. 16) it can be seen that d will grow exponentially, and that the shearing velocity 
l , acts like a seed . If there is no ‘seed’, the mushroom flow velocities (v x , v y ) will never 
arise. The grow th rate is independent of c, but depends on the' Alfven speed 
1 'a = fi o/v 4n Po- Therefore, shear motion can induce linear MHD-instability. However, 
this instability soon attains saturation, and the flow becomes quasi-steady and increases 
gradually until the velocities (v x , v y ) exceed v A . 
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ABSTRACT 

otond d jmamica. Tke modd^iul, (MHD) " 0<i ' 1 * Presented for the jlud, of 

for interpretation of various steady state and evrd„f ™j * h ‘ ° major mue3 m mind, namely 

.h—ofcjecs™. we h.v«Xt»IdTw;i:^rT,^ toC ‘"" b »— I" «d« to 
different, but related, problems; steady state structures and ° C I t0 ^ solutloIls for these two 

techniques are: (i) relaxation technique for ^VeaHaTe st™l Thw num «cal 

Eulerian) technique for evolutionary structures. '****’ *** U (Fuff-Implicit-Continuous- 

s^twTof Sr t) oth the steady state “ d «**■•* 

two-dimensional model. Finally, on the basis of the err.1 phySIcalfeaturea whicil cannot be shown by a 
physical features which can be considered for th^obS^* ^ CaIcuIati f 0 “- we outI “' *>me interesting 
SOHO, OSL, CORONAS, etc. observing programs of future space missions such as 

I. INTRODUCTION 

St "Jr t> •*- ■»« — . i. » . 

(Billings, 1966 ). It is also further realized that the rel t' “ alw * 7 “ m a < I uiet orderly state 

ejection is not as consistently intimate as originally thought? 

the physics of this fascinating phenomena of so-called . ‘ „ 1976 )' 1,1 order to understand 

has been presented in the literature (Hundhausen et al 1984) AU?/^ ’th Qumber °f theoretical models 

magnetohydrodynamic theory. The methodology used to treat th f thcore ‘ical models are based on 
into two categories: (i) analytical methods and (ii) numeric* L«hZl 7h 7^ ^ b ' d “ Slfied 
methods have to conform to certain strict conditions in which a M d^r “ ^7 by Maljrtical 

behavior is difficult to achieve; nevertheless th* ;? description °* nonlinear dynamical 

b, »», i „,„«, d , could T‘- °r ““ ^ h " d ’ «“ 

not unambiguous and may mislead the physical interoretaf a7 dynamlcs ’ bttt these descriptions are 
is the fact that all of these modeb « 7“ ‘° th ~ Cat ^es 

™» i« to. interpretation of ob.ervation, har^““)i. g ““" ,y ' T ‘““ 1 " “ ‘hat 

processes from the comparison of this model’s results with oh *° undcrstand the physical 

of the model presents the basis for the addition of d' • rvatlo “ aI data - T he theoretical description 
to understand additional physical^?roc^tl ZSF?" a ^T^ kal tenns ‘ hat could * «d 
of the model are included in Section II The mim*’ j C ° ^ rvatlona ^ data. The theoretical description 
ondutfi., remarks are mdubed il^e.L w “ S "““ F »*“* «“ 

II. ANALYSES 

Mathematical Morf H 

In this study, we have assumed that the solar aimn.„k l l 

effects. With these assumptions, the time-dependent magne'tohyXTd^c 

(1)187 


WGE BLANK NOT FH.WBD 


atmospheric flow, in three-dimension. for a spheric! coordinate 


system can be written as follows: 


& r ft rsind ^ r sin0 ~ft£~ 

% = -Vr~ - ^ - -?£-gEl l f 9(/>gr) - ,9B. IdBr 

ft ft T 90 T^ed* 9r + B *(~frT - -~df) 

- Bd~^Z. - ggju V + t,,* V + Bs 2 GAf 

rsmtf ar ;J + ; — r- 

pr 7-2 

l£ = -'’rj£--l£-- I± -— 19B r 

ft r 90 rsind d<i> p'- rdti ~ r~df ) 

T pr 

^ B r 9B 4 B t dBp 1 

ft ft T 60 rsind a* T^~~T~86 ^7 

+ + b/ v Tpsul9 

d<t> T a</> + # ^ ) + ~( B -- + 5 * cot *) - -^(«, + v 9 cot *) 
*a> i a , . o 

ft r Sin 0 f a* (*“ * (tv5# ~ v * 5 ') - o^^Br - v r B<!>)] 

_ i a i a 

r sintf a^ * V *B») - ~fo[ r ( v rB 9 - vtBr)} 

dB+ Id i a 

ft ~ rft [r{v * B r - V 'B *) I - -^ V »B* - vpBt) 


L9(Svr) , 1 a(t>srintf) 1 ft,,, 

r J ar rain* 90 + 7^0 


-v ^ ar _v±_ar 

ft r 90 r sin 0 a* 


(vr ' v *’ and fi-w 

well at time "t" The constant. »«. th» « 1 -* ■ . . ’ th m « ndlo “al angle 0 andarimuthal angle <h as 

G. In addition, fSri~ *21 T " ? d «"**— 

equations. \P P ) as used to obtain the above set of governing 

^ t0 ‘ hC &bOVe - * *— « equations, is 

by the equator and the pole in meridional distance (6 ^Jrdin t I, 5 ,* 01 " rad “ ( B *) m distance, 

of 45 s . distance (0-coordmate), and by aaimuthal extent (^-coordinate) 


iw *« ' iT\7i Wu ““ w “« (I987 »- 

i. no. uniform nnd il ohn^L to .' X? " ~ ~ *?. \ ***** .ho ndUl 

hydrostatic equilibrium (Wan* et al 1982V fo\ i v i< *• eimtla ^ ***** •* being in isothermal and 
ensure numerical ac^acy The tUe stTc Jbi “ W \ of the L computation procedure,- and (3) to 

scheme. P C “ b * “ bl *~nly because of the flexibility of the FICE 


‘w 

f I 



Fig. 1. 


i szeluzzz .ttcsri* 2r- d TT,^ “"'*■»«» » «» 

«• «««. rfhdw.^,»r. “?* fron ,i " ^ *» -i.bi. . 

plane. P hC Pre#en * P&pCr ’ symmetry « turned below the solar equatorial 


Initial State and Boundary Cnnditj ffnf 

=— ■ ^ Th "' - * - Ml' 


(I) Waag^'l mT COmPatlbUitr COaditiona “ e 0buincd ^ tte set of governing equation* (Wu and 

!JJ \ “ 1 J?*’ f° n ' re ? e f ting bouad “7 condition* are used (Hu and Wu, 1984); 

configuration; *” ~ M ^ Uator ^’ Symmetnc condition * "* dto^n becauae of the chosen field 

(4) * = 0 and 4 * 45°, the boundary condition* are obtained by extrapolation technique*. 

III. NUMERICAL RESULTS 

multiple helmet magnetic topologies. ’’ ’ J h “ outflow “8 solar wind around 

2S£= *• 

unity, at r = R„ 8 = 90° and 4> = 22.5°. P p °t~ being 


• Isotherm al^and^hydrostatic equilibrium atmosphere. 

Po=p 0 °exp(( s L-l)^ ) 

where pj is the density (the value of 1.67 x in -1 * ™,„-i ■ , . , . 

the solar surface. 1S uscd m ‘b* 5 study and g 0 is the gravity on 

• Magnetic field configuration 

(i) A hexapole potential field (Jackson, 1962); and, in a separate calculation 
(u) A hexapole hnear force-free field (Nakagawa et al ., 1978) 

• Velocity Field 

tv(l, 9, 4>) = 15 km s' 1 , 

MM. 9 , <f>) = 200 km s' 1 , 

M r » 0) = M r > 9 , <f>) = o. 

Figure 2 shows the simulated morphology of the auiet i. * ~ 

sentation of the brightness ( integrated density fh C .? nsists of a three-dimensional repre- 
velocity vectors and magnetic field for two ( V ° t - C ^ ne *°^‘ s igbt), steady state solar wind 

force-free field topology, respectively. It is easv tl & P oten ‘ ,al field topology; and (b) initially linear 

the initial magnetic field topology The brivht reco 8 1U2 e 4 at the shape of the quiet corona depends on 

— “■ — — 

£££ » PW .be distribution 
magnetic field topokZ ^£^1% “ d .«quator for the initially potential and linear force- free 
components (i.e., v r , v 9 , va) at the Dole andT* 1 ^ 3 ‘ ^ be radial distribution of the three velocity 

topology. Finally, we plot the radial distribut^* °f ai ^ OWn “ Flgure 4 {or both types of magnetic field 
Figure 5. P distnbution of Alfven and sonic speed at the pole and equator in 

the magnetic field is the inference and important fact that 

the corona. The spatial diverrity of these important, fundamental " 

Ztzss: t ;ie°siu som r f ; for a *-*■* — - * «*» «. 

topolofy o, tb, „ui„ f “‘if T" 

(i.e. hne-of-sight integrated density enhancement) disturbed m’avrW fl s ’ we sbow emulated brightness 
in the 4> = 22* plane. According to the results ,hL™ 6 ° . 8 lC ficld “ d s °lar wind velocity vectors 

the flow interaction with the magnetic field This de!^^*' h mterpret that the bri «htness waa caused by 
by plasma flow motion and local^co^'relriou * enWement consis “ - b °‘ b ‘be mass carried 

IV. CONCLUDING REMARKS 

namic model’ fir thTltudHf ’bot^^™ d°d^’ ti f 1C ; dependent magnetohydrody- 
from the solar surface to 15 R, and theX mil l reT 7* ^ SUtcS ' This model 
sub-Alfvenic to super-sonic and super- Atfvenic rells T”, outflowia 8 ^ wind from the subsonic, 
.bid, cod, b, “ » ■- . • — 

- «.«. u« tr”*- ^ - r m ; dd h “ * he “ p * bai ^ 

and doppler shifts (not shown). Therefore, we may claim that th' ^ “ bn *b tness ( see Fi S- 2) 

be used as a diagnostic tool that can be applied to the interoretat' ^ 'a **• P otentl al whereby it could 
^Ple, we may use the physic, P~P<r^ 


I I 


Fig. 2. The three-dimensional simulated brightness, steady state solar wind velocity vectors and magnetic 
field of the confined plasma corona for; (a) initially potential field configuration (upper left panel) 
and (b) initially linear force-free field configuration (upper right panel). 



Fig. 6. The three-dimensional simulated brightness, magnetic field and solar wind velocity of a disturbed 
corona at 600 s after introduction of a pressure pulse (simulated flare) at solar surface of the 
quiet corona given in Figure 2b, (a) Viewed from 9 = 50°, <j> = -20°, and (b). viewed from 
9 — 50°. 6 — 10°. 
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Fig. 3. Radial distribution of the density (p/p 0 )and temDerature (TIT \ i , , 

- 5 —* for : « t ~ « JSHT.S'S 

configuration with Po and T 0 given in page 6 of the text. force-free field 
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Fig. 4. Radial distribution of the three velocity component. ( v r , v,, v,) at the pole and equator for; (a) 
initially potential field configuration and (b) initially linear force-free field configuration. 






Fig. 5. Alfvenic speed and sonic speed as function of radi.l A- * 

pou» M Sel d „ d ( b, idiuu, fot w 

t atALsd 'in^ w^nfajor categories^ Is 'foUows^ 1 ^ “ f " fr ° m COm P lete The improvements can be 

• Mathematical Improvement 

should conduct a grid sL^eTfor tL^modd.^ 0111 fWUltS ‘ ^ t0 ldd * ve this P ur Pose, we 

• Physical Improvement 

rr “” kid fo ' * h ' ■«— 

on "ideal” MHD theory We realise that d ? • J' N ,^^ y ’ the present model reault * •» based 
problenu ip .hid, fcS " “'T“« *» PW. 

are undoubtedly present. We plan to incorporate these effect^ 'J a f lat,on and ““bulence 

rdiopd dpp.bp.dpp pppppj. B«.pp„,T;™ iS M HD3dh m * “Tr’T “ d 
and natural three-dimensional resemblance to the real world 30 f-^i ?*“!“* of lt# “b^ent 
solutions which resemble observed realistic topologies We h« *hT- ^ ^ ?* construction of 
stration, for cample, induced meridional wh T “ **“ .'"T* dem ° n * 

models cannot provide. flows which existing two-dimensional 
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ABSTRACT 

® <; = m itT" d 15lT^t,r?r dd for ! he of »ron„ f,„ m 

hexapole (Legendre polynomials P\ A and P \ initial f eXai ?^ 68 5 ,ven > dipole, quadrupole and 

. temperatoe vdodty SZinalic LT S S?|S? Th ' “"PPM properties are density, 

it wherein a relaxation in time produces the steady state solution Tn Jddir ‘"‘rial-boundary value problem 

their accuracy is discussed Besides solutions for dinnl a D a ^ ltl01 ^ Properties of the solutions, 

permits use i realistic^! J wl Z. 7ZS ?£i A frfn Tj ’ ,m d h “* P °‘; rjeometrie,, the model 

| How speed he .uper-Alfvenl. a, the outer * 

1. INTRODUCTION 

s Ef'sr 1 stru r The rea3ons fot * 

B " immediate application 

2 Spe.trom.tric Co£na 8 ,.ph \T *■* 

will be able to measure the temDerature H^noitv an/i a « ^ ' ^v* these instruments 

it will be possible to estimate the magnetic field ’vector ** ” “ th * C ° r ° na S °’ W ' th m ° del calculations > 

*■* • 2 - THE PHYSICAL and numerical model 

* elTeThelTi^ m W etohyd,ody„ ra ic flow and 

- Jst&sw a s„^r£rh„^i e 

flow has reflective symmetry across the eauatop an d 1 % .? ^ egendre polynomials, so that the 

. *- h “ 

The equations are solved in a computational domain extending from the Sun to IS/? f,™ m i 

to the equator. It is assumed that mpridir*nai ® , v ■*■**©/ 1 o/lq > from the pole 

there are 37 gridpSn” “Zlhe mdiSSl Zl “oJTL ‘ . P ? l *“ d «!'““• Th ' *"■< » divided so that 

,h “' * 

the flow is auhinic and XSfvSe ^h. {om. S& ? T, T" h '">' A ‘ lh ' in "“ >«"A. 

boundary, the flow is restricted nTinl ttk computed from the compatibility relations. At the outer 
til: boundary ^ beac ^ ^ ^ ^P^.^near extrapo'latkrn f^mUre^firs^ fo/firri ^ 

pww^ rl SUK “ d albW lhe fiow to in time while “ din8 ,he 
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the steady state radial flow equaUon^mot^n^ (e r^fsuDerimD 8 a ?° ,ytropic ’ Mrodynamic solution to 
this is neither a self-consistent nor stabteso uUont, (h Potential magnetic field. That 

flow is allowed to evolve in time under the control of th S ** r* * equations is irrelevant since the 

the numerical solution be stable and of sufficient lr , TaT* °u T* 0 " The main concerns are that 
solution, and that the relaxation proceed long enoughThat « ^ceDt^h^* 1 ^ 011 ^ interestin « ^P 6013 of the 
state has been reached. We address these issues briefly in section 4 b y " ^ approx,matlon to the steady 

3. THE CALCULATIONS 

ratio of the internal pLeure to She magieUe P M “ 811 «■« «« ("here f is the 

steady state magnetic field geometry fo, the three cases is steJ^n Fi^“l The final 





d^ole OT^Mh^dSt^S “a X M tTdr^, (™^V“n'!l ‘th'” Z "““1 

Sui“.^A h «.«' the ZSZj? Z?’ « ^ ^ 

examples. The tin* S£2 Ttte ^ataS dS ‘' 6? ° T in a " lh '<* 

hours, hexapole - 18.06 hours. ^ e ^ ^ours, quadrupole - 16.67 

wkh la g rge d£3 Md^olumTs" ^^alfm^kluy ^ 3 ~ 4 ^' Ha ™S begun 

streamers. Flow is field aligned everywhere V ° h f“ s remaln - underlying the coronal 

fieldlines are seen to dfre^ *£££ J ^ 5" OUter b ° Undary reach t0 00 The 

near the center of open regions. ® e C OSe d regions and apparently most slowly 

rr for i z - “» p* - — ' 

the equatorial streamer for the hexapole As is eenerallv tb P ° *’ m id-latitude streamer, and over 

the center of the open regions is simXr tn Yh “ ! y ^ ■ < ^TJ n th,S type of model, the flow speed in 
approximately radfal aboTa few ™1 lar radH In Si Z “ ,h £ *7 8pCed ‘ because the direction is 

magnetic field lines and is greatly reduced^n the ooen^tn^ es8entia,, y zero closed 
on the flanks of the streamer. The densftv r‘ 1 , ^ Under « one ra P«d overexpansion 

the directions specified in Fig. 2 Most obviouslv tlfe den^i ^ ^k thr< *l f^P 1 * 58 are shown in Fig. 1, in 
», of cou„e, alao Kmc depletion along rapi^y S <fi'verging^eldi;nM 1 ^ anCe< ^ lh ' Cl °“‘ l “ Thm 

been calculated ia an "effeaiv^Lmperature "'nda'blbeca ^ emp | h ® size . d - First - the temperature that has 
a poly tropic index of 1.05, whicSoXntS a it ^ ****** «?W equation ia aaaumed - with 
is the form of this energy specified nor what the rnn W ^energy being added to the flow. Nowhere 
has been shown that a poly tropi inSex on the oH° 7T ^dissipation mechanisms are. However, it 
densities / 5 /. P ° n the ° rder 105 13 r ^ uired to reproduce observations of coronal 
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radial j Vel , 0C ‘ ty for , the ll ] re€ cases shown in Fi « 1. Left: Dipole field, showing 
the radial flow speed along a polar radius and an equatorial radius. Middle: Quadruple field 

He°JIl^p t fi e iH PC fc d a ° n ?u a rad 'j S ? Ver the pole and over the mid-latitude streamer. Eight! 
H d Uh fi d ’ S t h ° Wmg the Speed dong a radlus over the P° ,e > over the mid-latitude streamer 



*** 3 T ^ C d f n8ity “ d temperature for the three examples shown in Fig. 1. Left: Dipole field 
showing the density and temperature, scaled to their starting values, alone a polar radius and 
an equatorial radius. Middle: Quadrupole field, showing the'temperkSeind^^ 
radius oyer the pole and oyer the mid-latitude streamer. Right: Hexapole field, showing the 

temperature and density along a radius over the pole, the mid-latitude streamer, and at the 
equator. 


the magnetically open regions, although equivalent to coronal hole flows, do not simulate coronal 
holes because the flow speeds are far too small. To obtain reasonable flow speeds in this model it wodd 

capabX a of the moLl SuX “ZT ‘f* ba “ ° f the 0p€n region * which is well within the 
hX flow «nd l T? d ' S ^ variation has been shown to reproduce all the known properties of coronal 

thtcent«Xtie1ol: Sat SXge^T ^ ^ * 

^d'wfS/thi^mS ST f thC deDSit T iD the d08e . d regions " e 8imil " to observed streamer densities 
and we feel thw model is therefore a good approximation to streamer geometry. The temperature must 

£ bUt ^ bC f ° r in -binatio; wS 







314 


A. -H. Wang ti al 


4. ACCURACY AND STABILITY OF CALCULATIONS 

This model has been found to be weakly subject to the Courant condition on size of time step. Therefore, the 
size of the time step decreases as the largest values of the temperature and magnetic field increase - along with 
the maximum sound and Alfven speeds anywhere in the grid. Counteracting this, the higher characteristic 
speeds lead to a somewhat faster relaxation time. However, generally more time steps are required for smaller 
(3 calculations. The flow speed also plays an important role in determining the relaxation time to a steady 
state - the initial state is a disequilibrium configuration. This imbalance must have time to be advected from 
the base through the outer boundary. The physical time this takes can be estimated by taking a typical (but 
small) value for the flow speed and calculating how long it would take the plasma to flow at this speed from 
the base to the outer boundary. For example, at 150 km/s, to 15 Rq, this takes 18 hours (relaxation times 
we have used are given in Fig. 1). 

A second consideration is gridpoint resolution. The grid used in these examples is about 4.5° in latitude 
and 0.24 Rq in radius near the base - increasing slowly with radius. This is sufficient to adequately resolve 
the geometry and flow on the scale shown in Fig. 1. However, if finer scale information is required in, for 
example, the core of the streamers, a denser grid would be required. 

Always a serious consideration in these time-dependent, non-cartesian MHD calculations is the conservation 
of magnetic flux - that V B = 0 is maintained at all times. The condition is maintained here through accurate 
differencing rather than a self-correcting scheme, but we are able to conserve magnetic flux divergence to 
within one part in 10 5 . The numerical scheme is pressure- based so it is limited by stability to large and 
moderate 0 values (e.g. /? > 0.1) - which turns out to be the same restriction for maintaining V • B = 0 to 
the required degree. 

Finally, the energy equation: 

(&+'■*)(*) 

reduces to v • V(p/p 7 ) = 0 when a steady state is reached, which means that (p/p y ) is then a streamline 
constant. This becomes an analytic test of the achievement of a steady state solution in our case. The 
boundary values of p and p are the same at all latitudes. Therefore, (p/p 7 ) has the same value everywhere 
in the computation regime as it has on the boundary if a steady state has been reached. We have checked 
this for the three cases shown in Fig. 1 and find that for the dipole and quadrupole it is constant to within 
a maximum of 1% and for the hexapole it is constant to within a maximum of 4% (average values over the 
whole grid are less than 1% in all cases). 

5. NEW RESULTS 

The utility of this model is that the outer boundary has been extended to 15 Rq. Although this is not a 
big advance conceptually, this and the stability and ruggedness of the code make it useful for simulating 
realistic coronal conditions. We present results for quadrupole and hexapole fields, with their accompanying 
midlatitude streamers and open magnetic field regions. The Alfven speed ranges between 800 km/s and a 
few tens of km/s. This is lower than is believed appropriate for the corona /2/, but we expect our model 
will now enable simulations with higher Alfven speeds. 
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ABSTRACT 

In the near future, SOHO UVCS will make long-term 
observations of coronal streamers in UV lines, providing 
a new tool for the analysis of structures which have been 
known for decades but are still far from being adequately 
described. The purpose of this work is to evaluate the 
Ly-a brightness of coronal streamers, adopting the 
streamer models obtained, via a time-dependent numerical 
relaxation technique, by Wang et al. (Ref. 1). This wii] 
allow us both to understand the role of geometric vs. 
physical factors in determining the streamer Ly-a 
intensity and to provide guidelines for UVCS 
observational operations. Future prospects along this 
line of research are also briefly summarized. 

1. INTRODUCTION 

It is well known that streamers have been observed, and 
therr structure reproduced in detailed drawings, since far 
back in time This is not surprising, as these prominent 

s . can ** “* , >y seen dur ' n 8 eclipses. Nevertheless, 
a though observed for so long, their physical properties 
are largely speculative and comparatively little literature 
has been dedicated to streamers. This situation is due to 
the limited means by which these features can be 
analyzed: only recently coronagraphs. radio telescopes 
and space experiments offered an alternative to the 
traditional white light technique. 

velv’ ™ far ' on >y “'earners' densities have been extensi- 
ve y analyzed. Neither temperatures, nor magnetic field 
values have been derived - other than in a few occasional 
studies Quite obviously, these parameters are crucial to 
the understanding of the physical structure of the middle 
corona and have a bearing on our understanding of the 
solar wind, whose slow streams supposedly originate 
from streamer areas. However, flow velocities in the 
streamers cusp regions have never been measured. 

SOHO UVCS will expand dramatically our knowledge of 
these structures. By observing streamers, in Ly-a and 
possibly other UV lines, from close to the solar 
limb (= 1.2 R @ ) up to several solar radii, we will be able 
to determine the height profile of density, electron and 
proton temperature and flow velocity throughout their 
whole extent. Magnetic field values may be inferred by 
analyzing the tangential discontinuities which are almost 
systematically parts of large streamers (provided that the 
temperature keeps constant across the discontinuity). 


With SOHO a thorough description of these features is 
within reach. 

In view of the large effort which will be dedicated to 
these studies as soon as SOHO data will be acquired, we 
deemed it worthwhile to provide simulated UV observa- 
tions of streamers under a variety of situations. To this 
end, we adopted the model developed by Wang et al. (Ref 
V’ l .° descnbe 'he physical state of streamers. Our 
simulations might be used as guidelines in devising the 
observational strategies and operational sequences which 
win “How the best usage of data. In this paper we 
describe briefly the initial stage of this project, where 
the Ly-a brightness is evaluated for streamers of different 
geometries and different plasma f}, seen from different 
aspect angles. Future developments of our work are also 
shortly outlined. We refer the reader to Noci et al. (Ref 

Z’ for a more thorough description of what is illustrated 
here, 

2. THE MODEL 

The physical streamer models that we use for calculating 
Ly-a intensities are the result of a numerical simulation 
of global coronal structure. The simulation is a solution 
of the magnetohydrodynamic equations for two- 
dimensional. axisymmetric, single fluid, polytropic 
time-dependent flow. The steady state is found by starting 
wuh an essentially arbitrary initial state having the 
desired boundary conditions and allowing a relaxation in 
time until the solution is no longer changing. The 
resulting model is therefore assured both of being a self- 
consistent solution for the specified physical boundary 
conditions and of being stable. The model, since 
axisymmetric, describes a single continuous streamer that 
extends all the way around the Sun at a specific latitude. 
The simulation is further described by Wang et al. (Ref. 

The boundary conditions at I Rq are that the temperature 
and density are constant in latitude and that the vector 
magnetic field is potential. Three magnetic field 
geometries are used: a dipole, a quadruple, and a 
exapole; the scalar potentials are proportional to P 2 
(cos«), P 3 (coss), and P 4 (coss), respectively (here P, is 
the Legendre polynomial of degree i and 0 is the colati- 
tude). There are two dimensionless numbers: the 
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poly tropic index, y. and the ratio of internal , 
energy densities, 0. We use v - t ns magneIic 

0-5 for all three field geometr.es '? ^ Cases> P = 

dipole calculation for 3 - 02 add,[lon - do a 

7 * .0 . «> «.«. 

where the field strength is 1 *7 r ®‘ h equator, 

and density are 1 8 x 10 6 K a b tem P era ture 

and both an equatorial ™d-l.t,tude streamer. 

d 'r° le ' hmpol. 

‘nsrv ws k ””" » ««. 

predictions ot,„v, llons j t ' “ ch “ k "odel 

we can make is between predicted and t y com P a rison 
By comparing model densities with d ° bserved densities, 
whtte light and radio observation u * deriVed from 
m0St realistic densities - hrespect ve T ^ the 
configuration - are those evaluated for the ^ - o T™ 

A plasma p = o 2 venire , ^ ‘ 0 5 case. 

with the boundary condirionT ° W denSIt ’ eS ‘ at least 
consequence, we will a ? "he We assume d. As a 

and evaluate the Lv-a hr m h ° mem- dismiss this case, 
streamers. ‘ e y a brightness only f or high 0 

regions are not realistic bein! f u* S in °P en fie1 ^ 
high and low 0 C e ln nr ? ‘°° h,gh - both the 
velocittes and low d “s Je" TZZ the high 

hole regions, within the limits ofT*'*? 26 ** coronal 
one should use an ad hoc temn* * polytropic model, 

This is beyond the scope ofToT' VS ' ' atilUde profile - 
dte higher streamer denrity we ZT' ^ due 10 
open field areas to affect appredabl l 72**, SUrr ° Unding 
brightness. We conclude that the bJh St ? 3mer L y-a 
in open field areas, at this sta<?e ' aV '° r ° f tbe mode l 
us. Hence, we proceed 0 ‘ fi '"^^ntial to 

3- LV<, BRIGHTNESS IN STREAMERS 

The formation of the Ly- a line in ,h 
the presence, at coronal heights 0 f a r C ° r ° na ‘ S due 10 
neutral hydrogen atoms that ' resen t PCrCema 8 e °f 
chromospheric Lv * nhnr , resonantly scatter the 

Ref. 3). P The^ total 0 e" ZZ S’ ** Gab ^ 

Ly-a intensitity, as observe? 1^°?/ ^ line profi,e ) 
given by ° a on S the direction n is 


a ' the point of scattering; r : s 

chromosphere rad, ation and V il Z " CU,ng 

Profile. In the following we assume ,h T* absor Ption 
the chromospheric Ly-a radiatton intensi, y ° f 

solar disk and that the vei ,s constant across the 
scattering hydrogen atoms is M^w e £ ribu,ion of ‘he 

Ly-r:en^y U \^~t eqUati0n ‘° CalCU,ate * e 

evaluate /V , . j e ^ . . straam ers, one needs to 

along the Ij ne of sjght n™, ° f hydro « en atoms 
known, N L cannot beevaiuaed^Bet^ 6 3 "° slreamer i* 
D. we do not have ,hi. T ^ OUr model is 2- 

an a priori assumption a!»ut™ haVe t0 make 

As a first hypothesis we mav stre amer geometry, 
extend all the way around thl* aSSUm * thal strear ners 

i„ . rockei High, L »Rh 

we conclude, however, that .hu , C ‘ ^ (Ref ' 4 >- 
realistic, as the model predicted ^ aSSUmp “ on ' a not 
order of magnitude larger .Ha u * S 376 about one 
Recalling that model denfities ^ ° bserved ones, 

discrepancy should be ascribed V ^ re *Ji S tic, the 

Physical, factors * ‘° gcometri «‘. rather than 

Figure I shows the Lv n 

along the axis of a streamer ,**' dislance Profile 

the sky (identified with the plan 't* ' n tbe plane of 

di,t ™' r pta 11 ^ — i’-rijs 

Lyman-a Intensity 
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4K »L) a P(<P)dor J o /^ ( X. n - )V( ^^ dA 
where Nt = f m a 

hydrogen afomT in the" ground iZT^ tT ° f 
constant; B ia the Einstein coefficient L the Z 

^n^rhettfveTori TT^ * ° f ^ Ly '“ 
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The streamer thickneaa in a dire^on * ' Ty ' for ' P 1 **"* P - O.J 
««*umed either .o have a con.,.Tl ? lhe pl,ne of >*y i. 

•ngular baae width (. 76*) or u> J W,dth l™"* (D) equal to iu 
haae wtdU, (. , ^ ^ (2)) and 

™ -R - *. *•- 
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th : 

" L ’ imegr ‘ tion 
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about the streamer 3-D shape and the effect of the outer 
atmosphere is completely neglected by truncating the 
integration at the edge of the streamer, in accordance 
with our conclusion that the contribution from the open 
field areas is inconsequential. The global magnetic 
configuration for which these simulations have been 
made is also illustrated in the Figure. Clearly SOHO data 
will allow us to discriminate between the different 
geometries, by analyzing the behavior of the intensity 
profile at large heliocentric distances: in the case of a 

cone-shaped structure (curve (3)) the steep intensity 
decline at large distances is due to the decrease with 
height of the integration length, a factor which singles 
out this case from the others. 

UVCS field-of-view (FOV) - 141’ x 40’ - is large enough 
to allow the imaging of an entire streamer, from 1.2 Rq 
to its cusp. In the hypothesis of the equatorial streamer 
of Figure 1. for instance, the streamer's axis is in the 
equatorial plane, the streamer s base has a width of * 70° 
and its cusp reaches a height of » 3.5 - 4.5 R 0 . This 
sort of configuration is observed at solar minimum, when 
streamers are concentrated along the solar equator, and is 
representative of the situation that SOHO will meet in its 
early operational phase. UVCS with an appropriate slit 
width, will take measurements on the streamer at 
increasing heliocentric distances, along the axis of the 
structure as well as in a direction normal to the latter. 
These observations will enable us to check the capability 
of the model in predicting realistic profiles of the 
physical parameters of the streamer both along and 
across its axis. Consistency between model predictions 
and observations, proving the reliability of the model, 
will provide indirectly the distribution of the magnetic 
field vector throughout the streamer, a factor which can 
be hardly underestimated. 
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Radial Distance (solar radii) 

Figure 2. Predicted Ly-a irueniiiy vs. distance (meitured Along 
the axis of *n equatorial streamer) for different off-equator offset in a 
cone-shaped equatorial streamer: solid-line, intensity along the axis of 

the streamer, zero offset; A, intensity for an offset of 0.2 R 0 ;*, 
intensity for an offset of 0.4 R 0 . As in Figure 1, the configuration is 
dipolar, the base width u - 38° and the cusp height is 4.5 Rq. 

Figure 2 shows the results of our simulations of Ly-a off- 
axis intensities for the cone shaped streamer, whose on- 
axis behavior has been shown in curve (3) of FigUTe 1 
and is given here (solid line) as a reference. Crosses 


(triangles) refer to Ly-a observed at an offset of 0.4 (0.2) 

R 0 along a direction parallel to the streamer s axis. The 
progressive decrease in the integration length as we 
move to larger offsets is responsible for the intensity 
drop which occuts at increasingly lower heliocentric 
distances. It is this geometric effect, rather than the 
transverse density gradient, that determines the intensity 
vs. distance profile for off-axis observations. 
Obviously, this result has to be considered as 
preliminary, as it depends heavily on our hypotheses 
about the behavior of the physical parameters of the 
streamer in the third dimension. On the theoretical side, 
it points to the need of a 3-D model; on the 

observational side, it shows that we badly need a 
technique to derive densities, independently of the 
streamer s geometry. 

Before addressing this problem, we notice that all our 
examples refer to a global dipolar magnetic 
configuration. However, our results can be extended to 
the quadrupolar and hexapolar model geometry by taking 
into account the differences in the streamer's thickness. 
Densities predicted by our model are about the same for 
low and high latitude streamers. Therefore, the Ly-a 
brightness from these features turns out to scale, with 
respect to that originating in a dipolar equatorial 
configuration, in the same proportion as the streamers' 
thickness. The Ly-a brightness from an equatorial 
hexapolar streamer, for instance, will be a factor 2-3 
smaller than that from an equatorial dipolar streamer and 
about equal to the brightness from the high latitude 
hexapolar streamer. 

4. TOMOGRAPHY FOR DENSITY DIAGNOSTIC 

Tomographic techniques are currently used to reconstruct 
the 3-D configuration of a structure which can be 
observed from different orientations. In order to adopt 
this methodology to derive densities at different 
positions within a streamer, we have to take advantage of 
solar rotation and observe the feature at different aspect 
angles. This constraint has a severe drawback: the 

streamer has to be stable throughout the observational 
period, if we want to attach any meaning to the inferred 
values. Whether this is a reasonable assumption is 
debatable and has possibly to be checked in individual 
cases. 

In the hypothesis that streamers meet this requirement, it 
is easy to understand why the technique can be 
successfully applied to a field so distant from its moTe 
common usage. We remind the reader that the emergent 
Ly-a radiation is obtained by summing oveT the 
contribution from all regions along the line of sight. 
Depending on the streamer aspect angle and on the 
transverse vs. axial density gradient, it may happen, 
when the line of sight cuts obliquely through the 
structure, that die highest contribution to the emergent 
intensity originates from an element at some distance 
from the streamer’s axis: hence the possibility of 

deriving the density of this element and, as a 
consequence, the density structure of the streamer, across 
its axis, independently of its geometry. 

The capabilities of the tomographic technique in the 
diagnostic of streamer’s density can be extensively tested 
only when a 3-D model is available. At present, we used 
this technique on the 2-D model, assuming, contrary to 
what done so far, that the plane of the model is the 
equatorial plane. In this case the streamer footpoints lie 
on the equator and the model provides the gradient of 
density in the direction normal to the streamer % axis (i.c. 
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— » *” stremwr £T2 7” 

research area from which ^ , Wl11 °P en * new 

the origin of the slow solar wind meJZT ’ Hke 1 d ’ at ° f 
to the point that thev are nr, l ^ arns J ' ma y benefit 

■— - » .sr-s 
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Abstract. 
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fo r the 


' “““ -*• - 

n, s and similar simulations, 

w „ *■ introduction 

We Present results from ™ . 

; ure - T he immediate reason* fT ^ y ' develo P ed numerical model of 

farther from the Sun w f a new m °del were to r, ffl * l of coronal struc- 

three •dimensionaftnodel^ 1° ?a '" ^ T 

•he physical denik r u resu,t of this process has jlT* , deve ‘opment of a 
conditions are specified A S ° ,Utl ° n hovv they depend 1* °* eXamination of 
ers in support of the LT . An 7 med,ate a PPhcation wflj be the ^ W , ay UlC boundai ? 
the Large An^e ? Ultrav 'olet Coronagraph and w , ^'"^ion of stream- 

Observatory (foHofT*™ C ° rona S ra Ph (LASCO Wh'T^ (UVCS > and 

*monsSS S Cfea^b r aSt ThTfim ^ s P orad ieaIly, at 

« the models, treating iso^herrmil T K ° PP ’ ,97I > 

and flexible method g 00 the e,ect rical currents Rn fl ° W and “"ving 
the steady state is fo,' S j° k C ° nsider an initial-bounda^T’'* 1 ’’ 3 m ° re efficient 

a-— P— on». 
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netic pressure). Steinolfson ( 1989 . I99h nnH r,.« , , 

steady-state solution as the basis forstnrtv 6 “ ' * 199 ~ ) have used this 

evolution with shear, which can be simulated 00 ™ 03 01355 eject,ons and streamer 
model. Details of the numerical schemes and 3 nearly ldent 'cal numerical 

publications. hemCS and resuits ca " be found in the referenced 

“ ab °- h — « 

tainties. When the models are used for analysis nfT * W,thout P rob lem.soruncer- 
reliable validation is to develop in ind'n' i ataand for predictions, the onlv 

Even when both (or all, models are fundame ' ^ CO " ,pare results', 
leads to new or deeper understand, n, of the p oilernTn'Ih'' 0 " Pr ° CCSS ge " era,,y 
precisely what has happened We have .iT u " present case - thls « 

basis of the criteria which should be adopted ^ ^ne'^T ' 05 k h ' ^ the physical 
The results from this constitute an important pan of rh c6nditions - 

possible Section 5 * contains 00/^™ m ° ddS “ “ * 

2. The Physical and Numerical SimulaUon 

teKSS S2 C ' dmed r dem ' dMl ™--°- 

the rotational symmetry Ls of the mace ic field Z ? Pla "' delil " d b> 

*tth o being the ignorable coord, nate For the maclhc find h™ a “ ^ *' *> 
we take the radial Held component ,r ,h» ? field boundary condition, 

vacuum dipole, quadrupoie or hexapole Dotem^l 60 ^ 317 t0 ** that given by a 
fore has reflective symmetrv across rhi magnet,c field ‘ The flow tore- 

- ^ ~ ~ ?r ta tr zr - *- 
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ITTIT mhdolobalcoronal model 5? 

J JlL_ £_( VrBo - I'pBr \ | . 

^ V J — “Uv-Sa — L'f)B r ) coiB . ... 


0B r 

~dt 

dB„ Q , 

+ Q- r (v r B 0 - v 0 B r ) = -~(v r B H - Cfl B r ) . 


(Id) 

de) 


dt Qr 

^ + yp~ L + v r ^ + 2H^L.El£p_ y> 

^ r dr r 00 r QO r * “ ,v + r ft COt 0) . (|f) 


The dependent variables are the dens.rv ,u 

co “S ,he ~ ™; r mass - *■“ 

!■«="» <* “ set; rrr n r doMi " *. - ». 

ts zero at the pole and equator. The nrid^is d d ‘ S assumed that meridional How 
in the radial direction and 22 midpoints in th *' * & Z° there Ure 37 £ rid P°' nt s 

grid size slowly increasing with^adius The dlrection ’ with the radial 
Points lie equidistant on either side o 7 T 'T gfid is d,vided s « that 

-■-5°, 6.75° 87 75= 9- "Z f h / = u 0 and 0 = 90=, at (f = - 2 .25° 

Continuous Euler, an (FICeT scheme LscrZd ^ the Fu,, - fm P'ic.t 

stepping a second-order accurate forward diff ' V HU ^ W “ (,984) ' For t,me 
step size being of the same order as m ven bv thTr SChemC * U$ed ’ With the 
magnetic Held is calculated explicitlv'smoorhilc T '° ndi,ion because the 
too large, i.e., at shocks (which do'not om h '*" Sed when gradients become 
how is subsonic and ^ At the boundary, the 

calculated using compatibility relations H °h u/ S '* lndependent variables are 
the compatibility conditions for the present mod l - U ’. i984) ' A brief summary of 
with details on how the boundary values and ^ S,Ven m the A PP endix - along 
to specify the radial and meridional fi^T T™ “* aPP,ied We choose 

radial and meridional How speeds are commit d f dS ’ temperaturc ’ and density. The 
Equations (A. I ) and (A 2)) At the outer h n com PatibiIity relat.ons (i.e., 
both supersonic and super-Alfvenic In thisr" n ** ^ * restricted to being 
be calculated by simple linear extrmol ,• Z *' 3 var,ables at that boundary can 

ins.de the bonnet *" ^ ** 

the present boundary conditions L . perform the comparison between 

in a recent study by Sun (1991) it wasTo"'’ 0 ^ b °“ ndary editions. However, 
conditions in the Append x eliminates the s ‘ Statement of the boundary 
di ~ s and gene,a,cd by b ° und ^ 

;n „nte - »ow ,0 reta 

^ dt;r 

That this is neither a self-consistent nw snh7 P °? d “ P °' en,lil1 m; t8nettc held. 
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of the equations ot motion. The main concerns are that the numerical solution 
be stable and of sufficient accuracy to define the physically interesting* aspects of 
the solution, and that the relaxation proceed long enough that an acceptably close 
approximation to the steady state has been reached. We address these issues briefly 
in Section 4. 


3. Detailed Results from Four Specific Models 

We report here on tour specific models. The results are grouped first according 
to the way in which the physical variables are plotted (i.c., either versus radius 
or versus polar angle) and second according to which of the four examples the 
plot is for. In these tour examples, three magnetic held geometries are used: a 
dipole, a quadrupole, and a hexapole; the scalar potentials are therefore proportional 
to Pi (cos f)) % Py (costf), and P 4 (cos th, respectively, where P n (cos 0) is the 
Legendre polynomial ol degree n. There are two dimensionless free parameters: 
the polytropic index, and the plasma 1. We use a = 1.05 in ail cases, J = 1.0 
for all three field geometries, and, in addition, do a dipole calculation for J = 0.2. 
In these case, J is evaluated at 1.0 P . at the equator, where the held strength is 
1 .67 G both for J = 1 .0 and i = 0.2. For the high i cases, the base temperature 
and density are 1.8 x l() 6 K and 2.25 x 10 s cm~\ For the low j case, they are 
1 .44 x 1 0 6 K and 5.6 1 x 10 7 cm' \ The three magnetic held geometries naturally 
lead to a single equatorial streamer, a mid-latitude streamer, and both an equatorial 
and a mid-latitude streamer for the dipole, quadrupole and hexapole, respectively. 

Results from the four examples will be referred to as follows: 

(a) Dipole, J = 1 .0. 

(b) Quadrupole, J = 1 . 0 . 

(c) Hexapole, .i — 1 . 0 . 

(d) Dipole, i = 0.2. 

The initial state temperature, density, and velocity profiles are shown in Figure 1 . 
The temperature curves appear irregular due to the small change in temperature 
over the relatively large radial range - a consequence of the polytropic index being 
near unity. Only three significant figures were retained after the calculation so what 
is seen here is roundoff error in the plotted results rather than in the computed 
results. 

The final, steady-state magnetic field geometries for the four cases are shown in 
Figure 2. Here is seen the well-known property that the flow is nearly radial beyond 
3-4 J?0. The flow is field-aligned everywhere and field lines which cross the outer 
boundary reach to oc. The streamers are those volumes which are magnetically 
closed (i.e., the field lines return to the surface of the Sun) and it is evident that 
relatively small volumes in the streamers remain magnetically closed in comparison 
to the initial state where all field lines were closed. These closed volumes are 
surrounded by a low density shell but, as will be shown below, the densities in the 
large coronal hole-like open regions are otherwise only slightly lower than in the 
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streamers^ In each panel of Figure 2, four dashed lines are shown and labelled A, 
v^us radiul 6 * ** rad ‘ a ' d ' reCti ° nS USed below to plot variables 

tim , eS / ll0Wed f0r the relaxat ’ on in these four examples were: 
L Jo'Z , fS f ° r the J ~ 1 0 ' dlpole; (b) 1 6 67 hours for the /i = 1.0 quadruple; 
(c) 8.06 hours for the d — 1.0 hexapole; (d) 19.44 hours for the 0 = 0.2 dipole 
These times are determined by how long it takes for any fluctuation to be advected 
lar"e [hefl ^ 0Uter boundar y ot the solution domain. This in turn depends on how 
w vp, l SP f u ,S WhCther thC fluctuations represent inward propagating 

fluctuation 8 ^!™ ’ ^ ‘' Sted abOVe the minimum rec 5 uired for a stationary 

fluctuation 0-e„ non-propagating in the solar wind frame) to be advected from 

nvdl Ip, h ? at V yp, f al floW speed ,n the open re S*°ns. This sometimes leads to 

nTdl 7 /? h T n nCar thC ° Uter b ° Undary at 1 5 but the so,utions 

reviewed^ Section 4 ^ ^ Th ' S a "° ther point that WI " «* 

are rnad^nm^H 4 ^ ?. deni * ly and radial velocit y versus radius. The plots 
are made in the directions indicated in Figure 2 so that, for example, in each panel 

of Figure 3 the density is plotted in the four directions A, B. C and D indicated 

in the corresponding panel of Figure 2. In both of Figures 3 and 4 the four panels 

corresponding to the four panels in Figure 2 are clear, ^ labeled. The denSy Ses 

b^cLsTthe d!n ed r by h™ C °^ eSp0nd,n § initial staIe (( = °) Profiles from Figure I 
l c n T . si l changes b y several orders of magnitude between the Sun and 
15 fl,. The plots here extend only to 7 fi. ? because there is no new infomtation 
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labelled. The curves are plotted alon^he dfrecLT^ IS corres P° ndln ? case in Figure 2 as 
lor the „ = | .0 hcxapole labelled a?b C S^KiJH FigUre 2 ' For ««nple. the four curves 

»=sr^' 


contained outside this radius - the flow is 

Turning briefly to each figure individuiuf and essential, y radial, 

enhancement is indicated by values greater rhon eS ' n by n ° t,ng that a densit y 
concentrations in the streamers here are clearly vrhl * ^ The densit y 

of 25% to 50% above the initial state Th^h h C ’ generally ^ingon the order 
to that reported by AllenTwSHor I S fOT "" d = ' “disclose 

profile shown here has generally the riohthoh C ° r ° na and the densit y 

,ta “ typ,cal of ,he r “ u,is 
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i" cas e <c» is STfferenVfrom'lfe intouTatt C (b) • “* ““™= 1 
,S ° n y '“-Prising w hen comparison is mil o „ ! s" 7 S ' igh ' ly Sma " er - ™ 

and Jackson, 1977) wherein the density was ^ h ° e observat «ons (Munn 
magnitude less than in st re J^^ d 7 f £" P ° rted *° * than an order o 

properties of a polytropic model and the choice w" h natUral COnse£ l uence of the 
conditions on temperature and density - that h k ^ f ° r the bounda O 
choice leads to both the high density shn ? ,ndependent of Po^ angle, 
shown below on ‘open field llnef i^specti^oft^ ^ ^ ,PW fl ° W *“* 
To model true coronal hole flow with I vl stream,ine geometry, 

elevated temperature in the open regions and nmh^f 8 require at ,east « 

base (Suess et al„ 1 977; Suess, 1 979) P bab y 3 S0 3 ,ower dens hy at the 

The radial velocity is shown in Figure 4 at rh* - 

o , at the positions indicated in Figure 2. 
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speed in the open regrenst simlaMo T mpoly,r °P lc models . the flow 
i" Figure 1. In the streamer Ic flow V*' d in, " a ' *«* shown 

on the adjacent open field lines due ?? ' S ' ssen,lally zer0 and it is reduced 
direction more than to oeometrv The PP Iy ' f° ltle strongly inclined flow 

* - 7.14 A,, a, the equCofThe 5 = ? n d™ ?! 7 above s,re ™« (e.g, a, 

above the streamer’s cusp. The ij = n ? d’ T° 6 t0 the open field re S 10n 
this - and the flow speed is nearlv idemirnl r P °,k ' S ^ m ° St extreme example of 
on Cosed fle.d ^ "**"*«« cept 

inclined field lines immediately adjacent to the reamer, and on the highly 

still rather small. Y J he streame r - where the difference is 

it d “ e '° ,h ' p “ ly '™P- i"d« being 1.05. 

this is an ‘effective temperature' becausta' P ° mPI, ‘ a,IOn d ° raa,n However ' 
polytropic index of 1.05 is equivalent to n h P ' r0PIC energy equation with a 
the flow. Nowhere is the form o th am ° Unt ° f e " ergy bein § added 

dissipation mechanisms are. However i^hafbee^h ^ ^ COnversion and 
on the order , ,5 is required to reproducl ,S£ 

flows, do not simulaTcorona°| P hole r s i beca'usf th^fl 11 (0 coronal hole 

To obtain reasonable flow speeds in ihTI h , Speeds are far t0 ° smal1 - 
the temperature vary across the base of thfT° C W ° Uld be necessar y to have 
the capability of the' model. Such a l *** “ We " 
the known properties of coronal hole flow and lead to Ter ° Wn . t0 ^Produce all 
geometry, with the effective temperature he i l ° acc rate emulations of the 
at the edge (Suess et al„ 1977) In contrast to th^o^ 10 ^ Centerof the hole than 
closed regtons are similar " S T 7 <tenS “ ies in ,he 

therefore a good approximation to streamer eeometre Th?? W ' ‘ h ' S m0dd “ 
be qualified as an effective temperature but can ? a ^ mUS ‘ Stil1 

combination with planned observations on SOHOIUVCs”' in 

plotte^vers^us^po^ar'angle'a, different ?7 ed “"T" 0 * ™" y undersl °° d when 
constant polar angles Such plot me w ^ lhM vmus * 

.0,1 field strengthen Fig “ures^ Z and 

the if? iVdtZthifd"™ dr ° P ad r C " U to «* ■" •he panel for 

density enhancement inside the ^uatorial Reamer tZZ’ T* ''?* in “ > ‘ h ' 
occur is at the base - where the denciiv ic h The y p,ace th,s does not 

enhancementin the T ° f ^ de " Sity 

itself decreases with height (e s Figure?', p 8 . ’^, ust “ the w ‘ dth of th e streamer 
0 = 0.2 dipole wiht the following quantitati vedSere' ^ r^" 8 i$ f ° F the 
higher and wtder. (ii, The densiiy depieiton on the 
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A TWOD,MBNS 'ON*L ouaut. coronal model 

The radial velocity i n Fj„ ure A . ^e aoy . statestreamers 6j 

,hfZ° the '" Side ° f ‘.mame fr ° m open 

velocity drops from ca. 60 km s~' n, ,i f /U ^ m the .3 = j.q djn n | P th - 
,ns, de the streamer. 3 km s" 1 i s hardly abn ^ ^ ^ Streamer t0 about 3kmr‘ 
assoc, ated kinetic energy is too sma^ to aZ T "° ise ,evel P^s and the 
slippage will, nevertheless, occur in all ^ dynam,cs of 'he solution Such 
<^. 4.90 and 7. ,4 there * “«"ca, soluttons. A, huger hefeh 

dividing regions of opposite magnetic oolarb ™ W near ' and ,n the neutral sheet 
observed in the solar wind in the mtemi P y ' Thls ls ( l u aiitati vely like what is 

the “a Pr ° PenieS U " like ' he S “" " <t Z7ZtT Th , e J = 02 d iP°'e again 
o^c nZ Seem t0 S,i " “*■ even a. 7 |" R S' ry '°"' "ow speeds inside 
ot closed streamers. ~ tar outside the observed extent 

Figure 7 shows the variation of the mini 

across the streamers. The mosl intereshno Wd slren S' h - IB; + Bl) 1 '- 

,n ,olal fi " d strength on the ha ks°o f he stm'' “ ‘"S' P '° K ,s enhance-' 

“ the P,3Sma haS had " ,t,e eff - on .he h:id“ r 


Accuracy and Stability of Calculations 

r » f 


T , J calculations 

on size of time step 61 l ° the C ° Urant COnd ‘t<on 
values ot the temperature and magnetic field S “ p decreases as the largest 
sound end Alfvdn speeds anywh£ fi f ““ ~ a '°"S »*■ the maximum 

characteristic speeds lead to a somewhat r ' r ° f Counteract, ng this, the higher 
shorter time steps are requimd for Tma fc “7!' “ a ''o" However. getmSy 

plays an tmportan, role in determining the od alc “ la ““" s The «»» speed also 

'"'Hal slatt « a disequilibrium configuration TV* 1 -"^ " me '° 3 sttad >' state - the 

advected from the base through the oZ r hm J ' mbala " c ' must have „me to be 
he est, mated by taking a typical (bu, small ) vaS n PhySiCal Iime ,his ^ can 
ow long , t would take the plasma to flow at th ^ ' h ' flow speed Md caculating 
oundary. For example, „ P J0 k * l?™ ■ *» speed from the base the outef 
tunes we have used here am given i„ Rgum ,) ' “ k ' S 18 hours (""axation 

■s «• “StSS ~ XT ' ThP ** - - these examples 
" radius. This is sufficten, b “' - increasing 

exam„l T ” Rgure 1 However, if fi„ er scale If ge0met,y a " d flow >he 
example, the com of the streamers, a dense, wTjtT" “ re ’ ulred ^ for 
Always a serious considerarinn in .k d wou,d be required, 
calculations is the conservation of magnet^T^Th ' m™' ^ "°"- Ca "esian MHD 

- mat v B = 0 is maintained 
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Dipole. Beta=I 0 Quadrupole. Beta= 1 0 



Hexapole. Beta= 1 0 Dipole, B cta=0.2 







tor different hel'ocmnc dTsunc^'is iTbelled^inThT same^ eqUat ° r EaCh CUrve ' P |otlcd 

the magnetically closed reeions is essentially zero The mannCr aS F,gUre 5 ' ^ velocit y 
is a smaH amount of numerical diffusion - Quite smiM °r “ ,! \ not ,dent,cal| y zero is that there 
10 km s inside the i3 = |.Q dipole streamed at 2 30 R md ' Caled by the velocil y being less than 


than a differencing rather 

conservation is apparent in the results The ^ JCCC erjt,on due to errors in flux 
it is limited by stability to large and moderat^^ 

££? '° ^ ““ reS ' ri£,i0n f " — V B°= ol ,he ^23 


Finally, the energy equation 
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S h 7 cJ v h ; + versus P° lar an g |e - ■»"«*« ‘he pole and the equator. 

Thftield ,n S f d,< I C u nt hehoccntnc distance - 15 ‘“belled in the same manner as in Figure 5. 
The held in the vicinity of the current sheet above the cusp in the streamers has a ereatlv reduced 

amplitude, as would be expected. The effect is amplified above the mid-latitude streamers 


( d 

U +V V 



reduces to v ■ V(p/p 7 ) = 0 when a steady state is reached, which means that (p/p 7 ) 
is then a streamline constant. This becomes an analytic test of the achievement of a 
steady-state solution in our case. The boundary values of p and p are the same at all 
latitudes. Therefore, (p/ p 7 ) = 0 has the same value everywhere in the computation 
regime as it has on the boundary if a steady state has been reached. We have checked 
this for the cases shown in Figure 2 and find that for the dipole and quadrupole it is 
constant to within a maximum of 1 % and for the hexapole it is constant to within a 
maximum of 4% (average values over the whole grid are less than 1 % in all cases). 
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5. Discussion 


Sion oHhfouter ^nl™ 7r X' “ Wl ° imS SimU,a *' ons - “ •"« « tt „. 
the stability and Redness of the code m r? 

coronal conditions. We present new results torn' setul for s,muljt <n£ realistic 
with their accompanvin/mid-latitude stream! ^ ‘ drUpole and h ^pole Helds. 
The Alfven speed’ ranged 3^ 3 

lower than is believed appropriate for the corona (Suess 19881 hi, i ls ls 

model w„l „„ w enable simulanons w„h higher Altv^d! 

henSb C Sd n «o°rsTw, tS 10 ,h °' e ° f S,e,n0lfS ” n - W “ H9K; 

“£ii^ 

tn the present calculation, bu, in SSW this numbe 7s diffe enf® * V T*™' 
Vafymg temperatUre a " d density at the base. The ^JnTZpZt^ 
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will, because it is an ‘effective temperature’ reflect a 

and distribution between the base of on i [ , dlfference m energy balance 
temperature different h °' eS and !,rcamers of a tree 
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Appendix. The Inner Boundary Conditions According t„ the Projected 
Normal Characteristic Method; a 2D Case J 

The inner boundary conditions are obtained according to the method e 

characteristics (Nakagawa, Hu. and Wu I987i wiih .h rtr h d of Projected 
Wu, 1 984). For the twldimensiona, ca* ij, ^ di ° ri,h,n . (Hu a " d 
fore, there are six eieenvah.ee The„ enic mode does not exist, there- 

characteristics and to six compatibiliitv eigenValues lead t0 SIX projected normal 
-■on,. At the inner £££%£ V ’ “d 7 «* *** 

dr/dt = r r - V. and dr/d/ - ,■ r* . ~ 7 r 1 l /- th e characteristics 

(i.e., outgoing) and need to be considerTd.Th^are fa ^ b ° Undary from mterior 
so^ourtanabletcan Specified at thfbounda^T ° ; ^ 

according to following compatibility equations: ‘ $) 6 com P uted 


dtr 

dt 


V.B. 


+ VfC. 


pV 3 V f (V s 2 - vf) ' 

_ V *( v a - V :)B. - v f (v} - i ,- 2 ) C _ 
dt V*Vf Jvf - V})B^B a • 

with the corresponding variables simplified in two dimensions as follows: 

ii = b;=*l 

P ’ 

a 2 = 7 RT . 

,2 _ (B 2 + B 2 ) 

P 

V f ~ 2 n ~ + 1)2 + [(« 2 + b 2 ) 2 - 4arb;} ln - , 


(A.l) 
(A. 2) 

(A.3) 

(A.4) 

(A.5) 


(A.6) 
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V - 2 a ~ + 1)1 + f(« 2 + b 2 ) 2 - 4a 2 /,;] 1 -' 2 . 

B - = P(Vf - V 2 )V f (c r - V/)~ - B r BnV,{v r -V f )^±- 


{V f ~ V b ^ - V l)% - BoVf(v r - V f) *2l 

+p(Vf - V 2 )Y f V fl ] -^L _ 

r OP r ,)() 

f - \’ 2 ) + + BrBnVrr.,]-^!- 


f r »\ 


r OP 


r»(\f - V 2 ) + BlMl] _ D " r f OB r 
P 

OrV 2 


r OP r OP 

~ L ^0 - 0) - S,;] - li£^ (Sr 


By) Ctg 0)~ 


X r'i 


~ L [p{Vf - vl) - Bl\ dgp _ !^1 b hEs})_ 


"< r / - r A) + ^ + «rir/ - v 2 )Vj . 

C ' = ^ ~ V s 3 ) V *(Vr - ls)~ - B r B 0 Vj(v r - \ ■ )£ii 


Jr 


(*A l v) (tv - + 5 fl v; 2 (( V - v s )'~- 

+p{v 2 - v?)v,v 0 -Q± - BaiaXL dB > 


Or 


r 06 


r 09 


~{pa 2 (V 2 -V 2 )- B 2 ) + B r B 0 V sVe )-2H_ 

r d0 

v e {V 2 - V 2 ) + iL BeXlHOp B f) r 2 OB r 

roe * r ~W + 


+ ~^-[2p(V 2 - V 2 ) + B 2 } - ¥1*2. !£ (0r 


veV? 


+ Bo Clg6) + 


+ _ P‘W V . 2 - Vl) - Bjl ctg 8 + W’BuBrV, 

-£i 'Oliyl-vh-YlB., 

r ' A s ' r + po(\ a - i ~)\ s g ■ 
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consent C ° r ° na 21 dislances greater f physical c °"d,t,o, 

consequence, we still only have an incomplete descriS™ „? f ar US above the l«mb. As 

l.mb. In pan'ctnar. streamers, although obsLed S cal? ' 0 '^" eX ‘ Cndin « "W* the sob 
SOHO, to be launched in 1995, will be able to make £ d re P resent a P°orly known phenomenoi 
talta of. few ft,. bot „ whj|t » MUvTZEZ?* 0bS " V *'» Of tee fe.,„«" p ° 
"“™ 0" ®e ■iSJ il.l. - " 1 gr ” "7*" ■iol-KW Of La ituenji, 

1993) via a time-dependent numerical rehynii ^ modei developed by Wane ei a/ f i oqi 

a pnon hypothesis about the extension of stream ? Pproa £ h * Because the model is 2-D we make ai 
a rocket (Kohl et al„ 1983). allowed us to idenSt a sh.w th ' rd , di fi rnension - La data, obtained fron 
streamers with different magnetic field rnnfio ^ sh ape which fits the observations We considpi 

P'»« Of <ho sky ,o “ dilr r,' P0Si "“ ’ UbSS 

emergent intensity. Our purpose is twofold m m-r. i 8 ° n j a ong thc llnc o{ sight contribute to the 
and to explore the P«£e££!^ f ° r «VCS obse'rvationa. o^uo^ 

physical state of the corona in determining the oven 1 1 d he e . of ^metric factors and of the 

owi e results guide the future development of sireamer^odels" 8 ' nCSS ■ We conclude by showing 


'f^ a : h :o™:: n ',;;ro7r^ 0 “:; p m T ° n,y — - <*- 

visible, their basic characteristics have been Wh ' Ch coronal stn, ctures wei 

e g- Foukal, 1990), which prove that streamed - Ihe^ beaUtiftl, drawin § s ( se < 
coronal features - had been known and h .*5 most P rom,I >ent white-ligf 
balloon-borne coronaeranhexnerimA r\r served for decades. Following earlie 
and Morel, 1 968)"?ff!^^:^n7c J uerh\^ B ,° hIin ’ 1965 ^s,Fori 

(see, e.g., Gopalswamy, Kundu, and Szabo 1 ^ andrad, ° telesc °pe 

for Skylab, Hildner et al„ 1975- Poland 1978 f « TfV expenments («. e.g. 
1986; Kahier, 1991) collected a wealth of dJ 8 ’ f °I SM , M * 1 ing and Hundh ausen 

nevertheless, remain poorly known We k a °'I, t ese ^ge-scale features, which 

activity minimum, are concentrated alon* h ° W f at streamers ’ at the time of solai 

concentrated along the solar equator in a belt, which broadens 
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to cover a wider range of latitudes, at other epochs. We know that streamers are 
„ 3 e structu res, which may last for several rotations (see. e g Poland 1978) 
Howe'e, we know lu.le about the format, on. or the dtsntption of stre“meL w ' 

stmctumto fam f 7 a ' i0 " S ’ inS ‘ anCe ' ° f comracli °" of a post/mass ejection 

tructure to form a streamer (see, e.g.. IHing and Hundhausen. 1986) As to the 

physical properties of streamers, our knowledge is limited, as we w,|| discuss later 

pan be'ascTd m r??r d ' ng ' h " r d<!nSi ' y s, ™ c “ rc - This " a > 

p rt be ascribed to the fact that spectroscopic instruments were unable to operate 
at the large heights reached by streamers, which therefore have heen nh P i 
matnly in white ,i g ht. On the other hand, the solar co“ eemed “ ha« 

■ nterest streamers: no oie» ample has been dedicated to tee stm mm 
years, notwithstanding the steady proliferation of sclent, he papers 

rhe ten *7 Streamers are relev ant io a number of problems. They represent 
*5 ' d “ s,ruc,l,re! “J investigate the differences in lemperature. density. -flow 
, , ies ' and ma S ne,lc fieid structure between magnetically closed and open areas 
o gain some insight into the physical conditions of current sheet regions which 
purportedly occur in streamers. Koutchmy ,19881 pointing o„ taw teenrtal 
dtscontmunies are almost systematically parts of large slriamers „o“ced How 
ir analysis would offer the best estimate of the magnetic held value in che 

caShes of si t ‘ he kee P s cons '™ d>e discontinuily. The 

s*~7 rov ' d '" s da,a cracial 10 ,he ° f 1 ~ 

In solar wind physics streamers play an ambiguous role. It has been claimed (see 

and ’ n \'' ' 98 h ‘h 31 C ° nstitUte the ma J° r sour « of the interstream 
o s mlerfo The ' T ^ WC kn ° W nCither h ° W ,ar S e IS the contribution 

streamers to the solar wind mass llux, nor the geometry of the open field 
lines associated with streamers, along which the wind purportedly propagates The 
mason for the depletion of heltum, which seems accompany the Z!wf™ 
streamers (see. e g.. Gosling et at., 1981), is no, well untetL 

In the future, SOHO instrumentation will offer us a means to leam more about 

~?pTo% I "oT iCUl ^ UVCS ?" be ab,e t0 make EUV o^ervarions o ; 

^e wiring nZ r ~ k ‘ ’ ° T' ™ eXte " ded period of time ’ thus lowing us to get a 
ew kind of data whose capabilities have not yet been explored. In order to provide 

guidelines to be used in devising UVCS observational sequences we present in 

h s paper, a variety of simulated, typical La observances of streamers As a basis 

wlngef o7 l' E? iM-tf^- ,wo - dime " s '° nal model, developed by 

Section 3 the S 1 ," 3) ’ whlch ,s su mmanzed in Section 2. After comparing, in 
caTcubte^ 'i„ l! 3de ‘ wtth observations of densities in streamers, we 
■ n w ’ ,n . Sectlon 4 ’ the La mission from different streamer configurations and 

It on°P ’ .7 S ' mU,ate LQ ° bservatlons of a streamer canied around by 
rotation. Ftnally, m the Discussion, we illustrate some future development of our 
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The physical streamer models that we use for cilriilnrinaj •. 

of a numerical simulation of global coronal structure Th^ ?' tlesare ^ rGSUlt 

of the magnetohydrodynamic equations for two-dimensional I axisvmrnet aS °* Ut ' < | n 

flutd. poly, top, c. time-dependen, flow- The steady Z Z i ^etnc.stngle 

an essentially arbitrary initial state havinn the desired L Z V T'" g ' Vi ' h 
allowing a relaxation in lime until the solution is nr, !„? ^ . dary condlll °"s and 
model is therefore assured both of b lt„° , " ° ' 0ng '' chan S'"S The resulting 

physical boundary condttons and o^fng We” The' '2“ ' h<! SpeCified 

describes a stngle contmuous streamer di ext dja *fw y ^2“ 
specthc atttude. The simulatton is funher described by Wang “ ““ n 992 

stant in latitude and that the vector manned fi J\ mperature and densi, y are con- 

! ■- -T7 d--“ 

strength is 1.67 G for both J = 1 0 and ) = n o p e ^ at ° r - whe re the field 
temperature and density are 1.8 x I0 6 K and ?5 “ x ^ ^ 

they are 1.44 x !0 6 Kand56l x m 7 rm-3 -rt. . m por the low ,i case. 

naturally lead to a stngle equatorial streamer a midtSstl'meTafdTr^ 
= a„d a mid-latitude streamer for the dipole. 

The simulation extends from 10/? tn i ^ a o , c 
boundary conditions are symmetric about the equ^so asdut^n' * T***' ^ 

,h5 SS 

solution for a spherically-s^tme 

y raaiai oeyond 3^ R^. The streamers are those volumes which are 


/ 
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magnetically closed, and it is evident that relatively small volumes in the « 
remam magnet, cally closed in comparison ,o the L7al sta2 22 ' he ' reamers 
surrounded by a low-densitv shell h.,t .c u u ,mtl 131 1 state s. These volumes are 

large coronal hole-like o~„ 11“!,' n" * Sh0W " below - «* «ens,t,es in the 

streamers. In each panel of Figure ^ S * ightly lower than in 

B. C, or D. These d ° tted ' Ines are shown and labelled A. 

in Figures 3 and 4 below. '° nS USCd t0 pl0t vanab,es versus radius 

and^he'velocity* t^ew'tehin'ihe two var"^^^'^ WC concentra,e on the density 

- variables will on, b e shown whe „ nee, 'r ' "* Ln ,nK " s ">' OtheV 

Shows the density variaZ ,n ,he r ,H 7 ^ PhySiCal Unders,a " di "* Figure 3 
plots show the relative density the H lrec ‘ lons labe,led in Figure 2. These 
Figure 1. Thus, it measureTth! chant' de " S,ty d,v,ded lhe density plotted ,n 
profile. Curves D in Figures 3(a) 3(c) and^tdT respec ^ to a spherical How 

all profiles cutting through the cores of streamers' I, ,s seZhauherf"'' T ^ 

enhancement in the core ransin* from ~ 75<7 for th here 1S a denSlt y 

for the equatorial streamer in U,e°hexanote On 90 down 20% 

as shown by curve C in Figure IM T„ a kS ° f Slreamers - for example 
j ^ ^ m ngure i(a), there is a densitv deririr » 

centers of open regions, the density deficit is always less than It u ' the 

important point to note in appivine this snecitic mn^i / than -20%. This is an 

and we will return to it later A UrT ^ del to computing La intensities, 

showing variation of other variableswT a " d the ° nes that follow 

«** -- - - rrr f r ° ne 

'^uSr'T “ 5ed 10 deKrm ' ne ,h ° Se V " iabks 

boundary conditions (W^eti M9 9 -> ‘myZ “’T" T* ° f "" d by "" 
The phenomenon ha no sZifcaZffe ^on fh' ‘"° “ d W “' I982 >' 
pom, rm, |„ pantcu.ar. „ 0 e>ec, 2^ ^2“ ^ 

shown in Fimire I Th.. a , P d as a dashed ,ine ~ the same profile as 

r=ro in the streamers. This is7Z222c^^ 

and curve C in Fimirp 4 /m Akn, .l gures 4(a), 4 (c), and 4(d), 

However. 

regtons. the flow speed differs little from the inWaT s“re ** ° f ^ 

mas^u" mZr ml T*"* “1 "° W 5p “ d illUstn,le tha > this * no. acortsian. 
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(b) Quadrupol 



(c) Hexapole 


Dipole. 0 = 0 2 


<o SSS'5 -V”tS T 1 ” 1 '- 3 t, 1 a (b > «-"**• *-■* 

are: (a) 22.22 hours bH6 67 , relaxa ‘ ,on ' lmes allowed to reach these equilibria 

lines are labelled BctnrhJ °t ^ < d > 19 44 hours - ,n «*h panel, four doited 
vs radius in succeeding Sures Thus The n.nH T di , rcclions uscd for Pitting certain variables 
radius at the pole (A) at the edee of the noil mfX> e ,n ^ „ <b * w '** bave ,hese variables plotted vs 
and along the middle of the equaioria^open region ^J on 1 ® ’’ lhrou 8ta thc mid-laiiiudc streamer (C). 
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Radius (solar radii) 


Radius (solar radii) 

Fig. 3a-d. Density as a function of radius. Each panel is for the corresponding case in Figure 2 

bh^lleT-A 3 r r°n 0 "? thC d j rections shown in Fi 8 ure 2- For sample, the four curves in (c)[ 
monrlpr n A ' ; • • a f e along lhe tour dlrcct,ons shown <" Figure 2(c) and labelled in the same 

manner. Densities in each curve have been normalized to their values in the initial profile (Figure 1 (a) 

r (a-c), and Figure Kb) tor case id)). Hence, a density enhancement is indicated by values greater 
o !h and r ce nef The denSlly concemrali °ns in the streamers are clearly visible, generally 

being on the order ot 25% to 50% above the initial state 8 y 


occurs over a narrow range, the density does become small (as in Figure 3(a), 
curve C) but the flow speed never gets large (as in Figure 4(a), curve C). The 
other important thing to note is that the cusp (top of the streamer) in the 0 = 0.2 
dipole lies at about 6 R e . This seems large enough to cover the range of streamer 
heights expected in the solar corona and therefore we will not concern ourselves 
with computing models for smaller ^-values. 

A more complete picture of the behavior of the density can be gained by also 
considering plots of the density versus polar angle at different heights. These are 
shown in Figure 5. where each curve is labelled with the heliocentric distance it 
represents (e.g., 2.30 R q is at 2.30 R :.). Figure 5(a). the 0 = 1.0 dipole, shows the 
density enhancement in the streamer (polar angle of 90°), the deficit in the adjacent 






80 


G. NOCI ETAL 






(a) 


Dipole 





Radius (solar radii) 

Figure 2. The curves are^ploued the'di^iicf * US "h panel is for ,he corresponding case in 
in (c). labelled 'A B C D are llnL l , ^ 5 Sh ° Wn Fi * urc 2 ' ^example!7he four cu^es 

same manner. The dotted line in these plots is^he'T- Tn ^T" O' FigUre 2(C) and labelled in lhe 
and 1(b). 656 P ' 0tS ,S lhe * * 0 P rofile - same as shown in Figures 1(a) 


broader. 0-2 d P e IS that the trou S hs are considerably 

high densit y P lateau ^ the open region is distinctly unlike a coronal 

densities l.ke those that are observed in coronal holes. P 



Log (Density] (cm: 


Lq intensity in coronal streamers 


Quadrupole 


Hexapole 


Dipole, /i = 0.2 




Polar angle (degrees) 


Polar angle (degrees) 


h£S^ccS y ,„ 2 2 7 bel , Ween lhC 1)016 ( ° 0) 3nd the et > uator < 90 °>- Each of the curves is 
h^densUv at f 70 R u . hcl,ocemnc dlsla £ e i[ reter s to. Thus, the curve labelled 1.70 R indicates 
ire flat Abol 2 h,° ^ The densil y at lhc base ,s constant and so the curves there 

trn.mh , H base - there . ls a sma]1 density enhancement in the streamer (ca. 5% to 50%) and a 

h i r nSUy 3 u tbeedge 01 tbe streamer. In the middle of the open region, the density is very close 

S T 1 ”■ m "“' sla,e n»M. *»»>. TV <£*, Ki, « . 

Z t ' an ( observed C0r0nal hole - 15 that we bave use d constant temperature and density at 
reouired nn i £” )duce . a tiaje coronal-hole-like profile in a polytropic model such as this would have 

otherwise stated^! T o* temperalure at the base 01 the °P en regiori ( Suess et al - 1977). Unless 


Figure 6 shows the radial velocity plotted in the same manner as the density in 
tgure 5. The velocity is again seen to be essentially zero inside the streamers), 
whose height decreases rapidly with increasing magnetic field complexity. Thus, 
while the 3 = 1 .0 dipole streamer extends to 3 R :.r,, neither of the 0=1.0 hexapole 
streamers reaches beyond 1 .70 i? Q . As indicated above, the flow speed throughout 
the open region is very similar to the initial state flow speed, excepting for small 
humps on the flanks of the streamers. 

These four models constitute the basis for the calculation of Lq intensities. 
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Holar angle (degrees) Polar angle (degrees) 


Fig. 6a-d. Radial velocity versus polar angle, between the pole and the equator Each curve, plotted 
tor di fferent heliocentric distance, is labelled in the same manner as in Figures 5(a-d). The velocity in 
the magnetically closed regions is essentially zero. The reason it is not identically zero is that there is 
a small amount of numerical diffusion - quite small, as indicated by the velocity less than 10 km s“ 1 
inside the 3 = 1 .0 dipole streamer at 2.30 (top left panel). 


In using them, we progress from a straightforward calculation of the intensity 
measured when viewing the streamer as seen in Figure 2 (i.e.„ from a position in 
the magnetic equatorial plane) to other viewing positions and to approximations 
based on the models. A comparison with intensities from observed streamers 
is used to guide suggestions for further development of the model by illustrating 
specific weaknesses in the present four models. We will conclude that a satisfactory 
physical model of streamers, for the purpose of computing expected UVCS La 
intensities, can be constructed through the application of the present simulation with 
an appropriate choice of boundary conditions to better represent the dynamics of 
the solar wind in the open magnetic field regions. This is well within the capabilities 
of the simulation and will constitute the next stage of this project. 


\ 2 = 
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3. Predicted vs Observed Densities 

As mentioned in the Introduction, density is the only physical quantity in stream- 
ers to be even partially measured. Coronagraph images usually are polarization 
brightness (pB) images. Because pB is proportional to the line-of-sight inteeral of 
the density times a scattering function (Billings, 1966), it is possible from pB im- 
ages to derive density maps. Usually, this procedure is performed with the Van de 
Hulst method (1950): that is, the density distribution is supposed to be cylindrically 
symmetric. 

This technique has been used to derive densities from eclipse observations 
of streamers. Dollfus, Laffineur, and Mouradian (1974) derived densities for a 
number of streamers observed in the eclipse of February 15, 1961, and compared 
their values with those pertaining to 13 different streamers, which represent all 
results published between 1952 and 1972. From this, as well as from a comparison 
between values derived by different authors for the same streamer, these authors 
conclude that different determinations for the same structure agree only within 
a factor 2 and different structures may have densities which differ, at the same 
altitude, by a factor 10, even in streamers observed at the same eclipse, that is, 
independently ot the epoch ot the solar cycle. All densities refer to the streamer 
axis; Dollfus et <tl. assumed that streamers are axially symmetric and that the 
distribution of density, in the direction normal to the streamer’s axis, is somehow 
intermediate between being uniform and having a gaussian distribution. Different 
assumptions on the streamer geometry, or on the distribution of density across a 
streamer, may possibly explain some of the discrepancies in the values derived for 
the same structure. 

Densities predicted by a theoretical model have to comply with this rather loose 
observational constraint. Figure 7 gives, on the left panel, the behavior of the 
density predicted by our model along the axis of equatorial streamers, for dipolar 
and hexapolar configurations in the case of 3 = 1 .0, and for dipolar geometry only 
in the low 0 (0 = 0.2) case. Densities along the axis of off-equator streamers, both 
in the quadrupolar and hexapolar geometries, are approximately equal to those 
along the axis of equatorial streamers and are not shown. In the right panel, we 
present a figure made up from Figures 16(a-b) of Dollfus et a/„ which shows, 
besides all density determinations in streamers between 1952 and 1972, the values 
derived by Dollfus et al. for four different streamers observed in the eclipse of 
1961. 

The 0 = 1 .0 curves, cutting through the bundles of curves shown in the right 
panel, represent correctly the observed densities. As we said, it is not possible to 
establish, from the data published so far, any trend in the different behavior of 
individual streamers. For instance, contrary to expectations, the streamer closest 
to the equator in Dollfus et al.'s data (position angle 95°), has lower densities 
than a mid-latitude streamer (position angle 55°) and the highest densities among 
those from published results 1952—1972 pertain to a streamer observed close to 
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Equatorial Streamers 



Fig. 7. Lefr. density vs height profiles along the axis of equatorial streamers in dipolar (J = 1.0 
- solid line - and 3 = 0.2) and hcxapolar geometries as derived from Wang et al.'s ( 1992, 1993) 
models. Right: densities along streamers from all results published between 1952 and 1972 (labels 
1-13. solid lines) and along 4 streamers observed at the February 15. 1961 eclipse (dashed lines, 
labelled by their position angles). See Figures 1 6( a— b ) of Dollfus. Laffineur. and Mouradian ( 1974) 
for further information on this panel. 


the activity minimum (curve 4, February 5, 1962 eclipse). Hence, we can only 
conclude that the 3 = 1.0 curves are consistent with observed density profiles 
in coronal streamers. This conclusion is confirmed by a comparison of the radial 
density distribution predicted by our model with densities derived from Clark Lake 
Radioheliograph streamer observations (Gopalswamy, Kundu, and Szabo, 1987). 
This comparison is limited to the lowercorona, at heights below and near2/Z©,and 
shows (Figure 8) how our predicted density profile lies between densities derived 
from fundamental and harmonic plasma hypotheses. Finally, we notice that the 
lack of a definite observational difference between low and high latitude streamers, 
agrees with predictions from our model. 

On the other hand, by comparing the two panels of Figure 7, we conclude that 
our 3 = 0.2 case is not realistic because densities are too low and the cusp is far 
too high. Nevertheless, the 3 = 0.2 curve shows a marked change in its slope that 
is not so evident in the 3 = 1 .0 hexapole streamer, and is altogether absent in 
the /) = 1 .0 dipole streamer, which may reproduce the behavior shown by some 
of the observed structures. To recover this break in the density profile at higher 3 
probably requires changing conditions outside the streamer. A change in the density 
gradient of the observed profiles has, in fact, been interpreted in terms of a different 
behavior of this physical parameter in the region of the streamer’s helmets (Dollfus 
et al., 1974). Obviously, the present simulations do not allow us to predict whether 
the resulting curve will be capable of reproducing some of the observed density 
profiles more closely than the high 3 curve. However, it is likely that structures 
with differing cusp heights correspond to different 3 values (Steinolfson, Suess, 
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4. La Emission from Streamers 

The formation of the La line in the solar corona has been discussedbv a n„mh,r n r 
authors (Gabriel, 1971; Beckers and Chipman. 1 974; WiSei nl 1982 nIo 
K ohl and Withbroe. ,987) who showed how c„ro„a,“ ^™io„s can bi 

velocities AfZu^h'mc 0 C ° r0 " al densi “ es - onflow 

velocities. Although, at coronal temperatures, only ssl Dr oton in in’ ; c h-a . „ 
neutral hydrogen, the strongest component of the coronal La is due to the scattenng 
of chromospheric La photons by neutral hydrogen atoms. An electron scattered 
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where /i is the Planck constant, B n the Einstein coefficient for the line A rh,> 
value for the central wavelength A of the La transition, and N\ the number density o 
hydrogen atoms in the ground level; the unit vector n is along the line of sighTx and 

^ is [hl?iH r " I' al ° ng the , dlrect,on of the incident radiation; p(<p) dJ- where 

direcrirl T " “ is the P^bab.lity that a photon travelline alon* the 

direction n was travelling, before scattering, along the direction n' o U thp f \ a 

angle subtended by the chromosphere at the point of scattering / ' ic rh ° 1 

chromospheric radiation and * is the coronal absorption proMe"! , hi following 

2 “ T a e : menS ' ,y 0f ,he ^0^ Lo radiation ,s consimltZ? 

• M ,! and that the velocity distribution of the scattering hydrogen atoms 
•s Maxwellian. The dependence of the La scattering process on the an" le ha * 

G?brilTn97Tf Be f 6rS Chi P man < l974 > ar *d we adopted the value gfven by 
Gabriel (1971) for the ratio between the neutral hydrogen density and rhp nmt ^ 

density at different temperatures (because of the low coronal density all hyd^o^n 
atoms are assumed to be in the ground level, therefore ,V H /A' = x./\- 7^“ ■ - 
not entirely correct, since temperatures in our model are 'effective' temperatures 

rsisr c ,ndex used - - — - - “ k 

needf° rd 7 r t0 ^ aluate the Lcv ,ntensit y in coronal streamers from Equation ( 1 ) we 
need to know how streamers extend in the third dimenston. Because our models 
xisymmetric. it is realistic to assume that they give the distribution of physical 

thetine ofsi"ht Tr iX Wkh the P ‘ ane ° f the ^ and nor ^ al *° 

e * e ocus on the dipolar model, vve recognize that its Geometrical 

configuration is highly reminiscent of the conditions observed at solar minimum 

when streamers are concentrated along the equator. Therefore, as a first hypothesis’ 

we ass that streamers extend all the way around the equator, in a congous’ 

mrenc ? 00 the basis of Ec l uation 0), the radial distribution of La 

ntensity in a dipolar geometry. To this end, in the following, densities alone 

he line of .sight are considered equal to those given by the model at the samf 
latitude and radial distance. Figure 9 gives the radial profile (solid line) of the La 
intensity, evaluated along the streamer axis (which, in a dipolar geometry lies in 
the equatorial plane) up to a height of 4.5 R,:,. Values at larger distances are not 
given, since, beyond that height, field lines are open and the La brightness would 
ren °r ge M 0nSmate ^ streamer Moreover, open-field regions are not described 

SS I n 992 r .*,“■? 7’ i heir denS,ty being definit ^ -erestimaXe 
froi/rhl J” "f i" 3 ’ f ° f further comments on this point). This is apparent also 
m the slope of the intensity vs distance curve, which keeps constant over all 

the computational domain as if densities decrease linearly with distance This is 
unexp ected . ^ the line of sight, in regions Cose to the cusp height ^ beyond £ 
crosses mostly through the low-density open-field regions. Altogether, the sJope of 

Crc fine the Surf £?"! ““ ° f & CO "‘ inu ™ *** of stXrs 

circling tne bun, is open to criticism. 

The inaccuracy of the brightness vs distance profile may be ascribed both to 
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the contribution to La intensities will come from open regions p^ 3 ,' aS , at h,gher a,titudes most of 
La intensities from a quiet coronal region ' r ° m r0Cket observ ations of 

Thelaner f^torwouTd^m^ re f'°" f ° “ ina PP ro P riate geometry. 

However, the va^es of the I ' f ^ the S '° pe at ,ar S e distances » wrong. 

comparison with the few data points available so 7 ^ l0 ° k t0 ° high ’ in 

La intensities given in Figure 6-1 of the UVCS <T " Fl ^ ure 9 we sh °w (dots) the 
these data refer to a quiet rein nH l 5 Sc ' e " Ce Rec > u,rement Document: 
(Kohl C f a/., 1980) *" 1979 dunn 8 a «*1« flight 

any information about the change in the slope" of the'! 6 ^ ^ 6 ° pr0V ' de 
cusp region, but we can infer thru r ~ ... P ° ,h e La intensity gradient in the 

appears from the rocke, dam The ^ fT'" W ° a few times brighter than 
one order of ZS ’T predic “ d from ^ model is about 

account that our densities are realisrir m qU1Ct regions ’ which ’ taking into 
hypothesis of a continuous belt of stream 00 faclor ’ ^ b,s m,es out our initial 
pointing out that oTZ71sl°<T ard '"8 ,he ““.r, «■“**• is wont, 
indicate the p"^SS " “ COnS,Stent w,lh observations, as these seem to 

longitudes (Dollfus. private communTcariorn ' “ ° S ' V ‘" ° verdifferenl 
From this analysis we conclude that we need both a better simulation of open 


88 


-G-NOCI ET AL. 


field regions and a definition of the streamer geometry through a full 3-D model 

However, we may still get realistic predictions by adopting ap ri on the Streamer 

onhguration and neglecting the contribution from the outer low-density re-ions 

The resulting profiles of intensity vs distance will illustrate the behavior of the 

"I"- f0r dlf f erent geometries and UVCS data will eventually allow us to 
identify the more realistic configurations. 

Figure 10 shows the La intensity vs distance profiles assumm- three different 
^earner conhgerauons a direction normal the smtamer ax,' d pa aM o 
the line o sigh. twe remind the reader .ha, streamer, are supposed he m ° 
meridional plane,. Either the „• width of a streamer ,s constant with he "h 

e slv^r its 7“ mer> "a T*' '° " S 6355 an " Ular Wid,h <“ i" -He plane'o 
the sky) or its hntar width is constant with height (constant-thickness streamer) 

and equal to the distance between the footpomts of the hi-hest closed field lines 

as seen in the plane ot the sky) or streamers are 'cone-shaped' structures and 

herefore have u width, initially equal to that of a constant-thickness streamer 

which decreases linearly with height up to the cone vertex, identified wfth the 

streamer s cusp. Figure 10 shows that, in a dipolar geometrv, an equatorial fan 

shaped streamer differs negligibly from a continuous belt of s'treamers circlin- the 

Sun This is due to the large w>dth of the streamer (half width % 38°)- outer regions 

contribute to the emergent intensities only at great distances where densities are 

w o affect significantly the La brightness. As a consequence unless future 

observations will show streamers to be brighter than assumed so far, we are led to 

discard the hypothesis of streamers as constant angular width structures On the 

cocitmiy. constant thickness and cone-shaped streamer stmctnres Me close enou-h 

to the observed data points to be equally plausible a 

However, our model locates the cusp only approximately, both because our 

resolution^ ^ effeCtS inl ° aCCOunt and ^cause of the coarse 

geometry 1 hnJTff P ° mtS , ° rder t0 i,lustrate ’ in a cone-shaped 

geometry how different cusp altitudes affect the La intensity gradient we have 

considered the cusp height as a free parameter and evaluated the resulting radial 

profiles in the usual dipolar geometry and high 0 plasma. Figure 1 1 shows^he La 

mtensity vs distance profiles for a cone-shaped streamer whose vertex i e cusp 

eight is located at altitudes ranging between 2.5 and 6 R e . We point out that such 

of thTmod" | tl0 H m *“ P ° Siti0n ° f thC streamer ’ s CUS P exceeds the uncertainty 
of the model and is shown only for display purposes (although the procedure is no! 

entirely consistent, as different d values would be required to build models with 

the La* inT 6 " 1 f CU$P H C,ghtS) ' WC COnclude that the La ‘"tensity and the slope of 
y g a " y (i e ‘ d0Se t0 the Sun) de Pend only weakly on 

the shafje of the streamer, but, at large distances, are dictated by the streamer’s 3-D 
structure and, in the case of a cone-shaped feature, by its cusp height. 

h ^ e . Xam P les referTed to a global dipolar streamer. However, our results 
can be extended to the quadrupolar and hexapolar model configurations by taking 
into account the differences in the streamer geometry. As we have shown in Sec 
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Fig. 1 0. Predicted La intensity vs radial distance along the axis of an equatorial streamer in a dipolar 
geometry, tor a plasma i3 = 1 .0. The streamer thickness in a direction normal to the plane of the 
sky is assumed ejthcr to have a constant angular width (fan-shaped streamer) equal to its angular 
base width (~76° ) or to be constant with height (constant thickness streamer) and equal to its base 
width {~ 1 /? :.) or to decrease linearly with height (cone-shaped streamer) up to the cusp height 


tion 3, densities are about equal in low and high latitude streamers. Therefore, the 
La brightness from these features turns out to scale, with respect to that originat- 
ing in a dipolar equatorial configuration, in the same proportion as the streamer 
thickness. The La brightness from an equatorial he xapolar streamer, for instance, 
will be a factor 2-3 smaller than that from an equatorial dipolar streamer and about 
equal to the brightness from the high-latitude hexapolar streamer. 

We did not consider, yet, the case of off-axis observations, which should provide 
a more comprehensive test of the model by allowing us to determine the physical 
parameters of the streamer across its axis, over a meridional plane. For instance, if 
SOHO UVCS were to observe an equatorial streamer - symmetrical with respect 
to a meridional plane through its axis - when its symmetry plane lies in the plane of 
the sky, it should be possible, via off-equator observations, to check the shape and 
physical parameters of the streamer in the meridional plane purportedly described 
by the model. 

Figure 1 2 gives the La intensity gradient, measured in the plane of the sky along 
directions parallel to the axis of the streamer, for the usual dipolar configuration 
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rat.o about 10% smaller than the ratio beTj/' ' thlS effeCt makes the intensi 
Figure 12, we conclude that the ratio between La" 1 "' egrat,on ,en S ths - Thus, fro 
distance (along the streamer’s axis) and diffr ,m J ns| ttes, evaluated at the san 
to the ratio of the integration lengths In the hT °l ^ “ ap P roxima tely equ 
density distribution, we conclude fhat densities nfav^^ axia,, y- s ymmetr 
to the streamer’s geometry, in determining h!? 3 ™ 0adar y role . with respe. 

As a consequence, we have to devise a different T h L< * off ‘^ uator intensive; 
de ermine the off-axis behavior of density, ,qUe in ° rder to ** able t< 
w«th this point. dens,ties ,n streamers. The next section deal 
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5. La Emission from a Rotating Streamer 

The extended lifetime of SOHO makes it possible to observe streamers over a 
pro onge period of time as they are carried around by solar rotation. Hence 
generally the line of sight will cut through the structure obliquely and the an°le 
between the streamer’s axis and the integration path will vary from to 90° as the 
streamer moves from the central to the limb meridian. When the line of sight cuts 
normally through the streamer, the region which is closest to the Sun and therefore 
has the highest density, is located at the streamer axis: as a consequence ihe hiahesi 
contribution to the emergent intensity comes from th.s region. On the contrary, when 
the line of sight cuts obliquely through the structure it may happen, depending on 
e angle between the line of sight and the streamer axis and on the axial vs 
transverse density gradient, that the highest contribution to the emergent intensity 
originates from a region at some distance from the streamer axis, //evolutionary 
effects are negligible - i.e., if streamers are stable throughout a period of time 
we may use this effect to get information on the density profile in a direction 
normal to their axis and. through prolonged observations, eventually reconstitute 
heir entire structure. In other words, for stable structures solar rotation allows us 
to see streamers under different perspectives and use tomographic techniques to 
obtain their 3-D configurations. 

In the previous section, we assumed that the streamers footpoints were rooted 
at the same longitude. However, if streamers are rooted in active regions it is 
likely that their footpoints are rooted at the same latitude - say. along the equator 
inasmuch as positive and negative polarities tend to align along the east-west 
irection. Although our model seems inappropriate to deal with this case - since 
it is not realistic to have magnetic ‘poles’ along the solar equator - as long as 
we do not have a 3-D simulation it is plausible to focus on the streamer sector 
and adopt the representation provided by the model to describe streamers lying on 
the equatorial plane. This allows us to explore the capabilities of the tomographic 
technique, because, in this hypothesis, the model provides a complete description 
of the behavior of density along the line of sight (at least for on-axis observations) 
Hence, in the following, contrary to what has been hypothesized so far, the streamer 
is assumed to lie on the equatorial plane. 

Figure 13 shows how individual elements along the line of sight contribute to 
the total La intensity measured in the equatorial plane at a distance of 1.25 IU. 
When the streamer is at the limb (streamer longitude 90°), its axis lies in the plane 
of the sky and is perpendicular to the line of sight. Therefore, the element lying 
at L25 Rq along the axis is the element closest to the observer and provides the 
highest contribution to the emergent intensity (top left panel of Figure 13). As the 
streamer is carried around by solar rotation, different elements, at some distance 
form the axis, become the major contributors to the total intensity Figure' 13 
demonstrates the progressive shift of the element which most contributes to the 
emergent La intensity, as the streamer longitude changes by 30°. The bottom right 
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panel, for instance, shows that, when the streamer has rotated by 30° behind the 
plane of the sky, the highest contribution to the emergent intensity comes from the 
element at a distance of ~ 0.72 R,* along the line of sight (distances along the line 
of sight are counted from the streamer axis). Thus, by taking an extended set of 
data, at different locations along the axis of the streamer and at different rotation 
angles, we eventually get a complete map of the density of the structure. 

We do not give any further example of this technique as a more realistic choice 
of boundary conditions in the open-field regions will modify the distributions of 
Figure 13. We anticipate that a lower density in open-field areas will result in a 
steeper decline of the contribution from elements located outside, or at the outer 
edge of the streamer. This effect may help getting a density map with higher 
spatial resolution than otherwise possible. Although stable structures may be a 
minority within the streamer family, the example of Figure 1 3 shows that it is worth 
developing this methodology further, as a means for an observational determination 
of the 3-D streamer’s structure. 


6. Discussion and Conclusions 

Our purpose has been twofold: to provide guidelines for UVCS observational 
sequences and to compare our simulations with the scanty data available in order 
to guide further development of the numerical model toward more realistic global 
configurations. 

The first objective has been reached, insofar as we have presented a set of 
predicted profiles of La intensity vs distance, both for on-axis and for off-axis 
observations and for different rotation angles of the streamer. These profiles can 
be easily adapted to different magnetic configurations. On the basis of our model 
for an axially-symmetric structure, we also show that off-axis observations allow 
an identification of the streamer’s dimension along the line of sight. Finally, we 
have shown that this capability, combined with prolonged observations of a stable 
streamer at different longitudes, leads to a 3-D map of densities in streamers for 
comparison with our global simulation. 

The model uses a polytropic relationship between density and pressure, rather 
than a full energy equation. Hence, the temperatures we predict are effective tem- 
peratures. Observationally, the La brightness depends on the electron tempera- 
ture, via the neutral hydrogen abundance, and on the kinetic temperature, via the 
coronal absorption profile. As long as we consider integrated La brightness, the 
effect of an incorrect absorption profile is probably negligible. Model tempera- 
tures are, however, lower than temperatures derived from streamer observations 
(Liebenberg, Bessey, and Watson, 1975), so we apparently overestimate the neutral 
hydrogen abundance. Nevertheless, measured temperatures in streamers have such 
great uncertainty that we cannot resolve this issue until UVCS provides accurate 
measurements of the electron temperature. 

Ultimately, our second objective is the more relevant. The simulations point 
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to the need for (a) a different choice of boundary conditions in open regions than 
inside the streamer, (b) an extension of the model to different 3 values, and (c) the 
development of a 3-D model. We are presently working on these issues and expect 
to get a realistic simulation of open field regions shortly. Our goal is to attain 
a reasonable global model that simulates both streamers and coronal holes by 
achieving agreement between model predictions and existing observations. This is 
a method to fully determine the 3-D structure of streamers to within the resolution 
of the model and observations. 

Traditionally, three-dimensional mapping of the electron density in coronal 
structures has been performed via the image reconstruction technique originally 
developed for X-ray tomography (Altschuler and Perry, 1 972; Perry and Altschuler, 
1973; Wilson, 1977), or via the already mentioned Van de Hulst’s (1950) method. 
Both procedures have been subject to criticisms (Bagenal and Gibson, 1991) be- 
cause of their heavy computational requirements. While the ideal method for a 3-D 
mapping has yet to be found, an alternative approach to devise theoretical models 
with free parameters that are calibrated against observational data, is being devel- 
oped (Bagenal and Gibson, 1991). The present work uses this alternative approach 
and the results achieved so far indicate that it is worth pursuing. We conclude 
by pointing out that an agreement between model predictions and observations 
will allow us to determine the magnetic Held vector throughout the streamer, thus 
providing a complete picture of these so far elusive structures. 
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‘bat the driving mechanism of CME* °. b “ rTers * They also concluded 

0 ” **”" "“ po, ‘"“ - *• s- — 
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^r- ' ffl “ & ™ *• 

overlying coronal topology. An additional Dhvfi ^ ^ * P ° ,antjr °PP osi ‘« ‘° ‘he 

of magnetic field Jes 

will not be considered in this paper. ( ’ reV,eW by Dryer > 1994 > bu ‘ 

the emerging magnetic HuTdriveT^ aLil t0a Uraited Parametric study of 

coronal solution, by Zhang and Wei (iggn.^nd th' b™ ** W “ ai(1978); initid 

"°" rf “‘ in! — * w», « - 

2. Simulation of Coronal Mass Ejection 

r^<r< ri t“ wi c rt - • 7 ° r *• **»<•> 
j„r° 

to be the driver, {(B r + fl„)i/J] th th ’ { **j * 4 ‘ 2 bl ^ WI *en B (only) is considered 
region are dete ,^ £ he ^ «***« within the ejection 

same as in the “"f* 0 " 9 -. Tt « b °“^ary is treated the 

Our atnrlv t \ calculation within the latitudinal range 0 < 0 < 64.50. 

netic driver alone'^dToTsideH fo^mh P " am ***” c 9n ? Te y tba ‘ »‘arts with a mag- 
driver alone). The five cases with an att” P ° 99,bllltl ® 9 ( mcIl »ding a thermal pressure 
approximate a constant value of peak totllT T**™** ad i ustmen * *> as to 

(1) Polarity of Emerging Magnetic Flur i P e (mdudmg dynamic pressure), are: 
in the Pre-Event Helmet- (2) Same P I * PP° slte ‘° ‘he Closed Region’s Polarity 

turn from Photospheric Mass Flux Outflow- ^) W Pol ^ A< J? tionai Monien ’ 
^ - si — ,5) 


3. Results 

fractional density chagnw ^' g . Ure 1 show9 contour s of 

The subscript V represents The vaL a^° ““T. f ° r Ca9 “ 1 2 ' 

evolution of a looplike ejection with H i C p y e '* vent condition. Formation and 
white light observations) can clearly be swn' Th l j ,mp [ ying bri * h ‘« observations in 
Case 1 is about 150% that of the loon’s too A I enhancement m ‘he legs for 

confirm (wi ,„ 

near the lower boundary between the * A l , dea8lt T depletion 


““ ! ‘ MUt4T,0N ~ , STMa _. 

£= :^;rSc57r r « StHE? 

X^Tio ' ir 1 kd, "'‘ '»»*«»'*“» " , "“ 0 ’ “ "“ «« u 

,t‘‘,t; l “ dta «” o' 3 ' 4 •«■ 5- No., 

with ^ freC0nneCt ' On ‘ caused depletion of th*T • * *** 3 ( P*«»mably as a 

“ r ° n "" <“ d hi,k«r> ,k„c|, »!«""' d '"") i" comparison 

.jo. .k. fi «k c tLk - «s:«2: 

Iiffht h ' eVers *'P° ,ari ‘y Case 3 shows higher W ^?.* dge impressed rones, but 
g gh ‘ nCSS) iD the ^ compared to thetop tip" W ‘ h « whit ' 

4. Concluding Remarks 

0 7“ UM ~ b W- - following toodosi „, ; 

oomp^ b T „ bs , Ml , d ^ 1 , 0 ^ o CME. H „.„ hi , ma ,„ ;lk „ ux 

_ w, r„r Th ' k “" n "‘“ iam d °" - 1 ° f 

S' ' ?* «*“4* i Pel'Ll"?.'; “ *o «u « „bi. 

t*«~n ° f 1 °° l> ' i ‘' CMEl “ ■"SSO.S' S°H,dLn !’d*iW 

d "“ * » »o. neee»„ r .o intrp. 

.< O' (1990); no, i, an acceleration ” h ' “"“"lotion. b r Hn (1999) and Linker 
W br Ik. latter . od „ s 8 ">' >b« initkd driver retired " 

’ tt'j; —c^ “• m«k., us ,„ * CMEr 

'h« ttetermrnation of ,h. evpl.,*. “">“** <«“«S"r..ion in 
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Flgur. 3. Temporal., £raetion ‘ i change., (TV - N 0 )/N. in the corona for emerging 

magne lc driver (again with opporite polarity) and moderate momentum efflux Case 3 (upper 
pane )? same, but with same polarity as in the pre-event helmet. Case 4 (middle panels); 
and a flare-like thermal pressure pulse for comparison. 
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dependent eq!II2^ numerical solutions to the time- 

these models have focused on establishing the cred^iM?^ r°T Upto . the P r «ent time, 
application as the initial state in simulations f y of the solutions and on their 

have produced satisfactory streamer tmj ge " Crl1 ’ th ' ^ 
magnetically open regions emulating coronal holes Th " 16 " 0 ‘ bee " lrue for the 

character of the models and the boundary conditions The I!I? n t con *^ uence of the 
in the magnetically open regions than that reDorted i de 3 all have higher densities 

1993). The impact in using the m^s to OimSlate nh ° CC ? r " holes < Noci - “ a/ - 

•»d radio m , g „„ clily „ p „ '****»■ 

Key word*, . Coronal Hole, - MHD Simulation, 


S ‘ rearnMS was described at the lie 

temperature and density L “ 'hi Z t ,‘ SyS ‘ ematiC ^ ^ 
streamers seemed to be Z 1 staged * hlt al,h °"S 
magnetically open region^LT!™ . ' J dMS “>' a " d speed in th 

pared to what is be7e Ve d to occur i„coro“, ^ “S"' ”***+. “m 
addressed by using a varying temperature and density aTtheb^^Th 1 ' 6 " 1 ' 

Ess rs: rrr ~ stin — - 

and related analyses of SOHO measurements made both in coronal holes'^ 


H ! 
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*> raodel 

emphasis is on the differences resulting Value resu,ts * The 

a.— - - - -- 

2. THe Physical and Numerical Model 

polytropic time-dependent, ideal 

defined by the 4 of "! 1 *■« 

corona in ail examples presented here In theii 1 d ‘ P |° ' th ' base ° f the 
between 1.0 and 7 0 R n althomrh th i examples, results are shown 

to 15.0*®. There are 20^rid n.® , k S ° 1Utl ° n itself gener8 % is extended 

grid points, on a varying grid, between th? baw^^lS* a ° d 37 

produced bv a relaxation in r and ^ ^©- A solution is 

thereby insuring uniqueness and stability" He^^he^nTtialT^ ^ ' 
dipole field superimposed on a P^rUr t . * the initial state is a vacuum 

prescribed variation in temperature ^ ** 

index, 7 , is 1.05 in all cases. This modpl i« L 4^ 7^ pol y tro P lc 

(1992), Wang, et al. (1992,1993), and Wang (1^2)° by SuCSS 

3. Results 

3.1 Initial State 

« £££ : R^Ta“b d 39 i,y 'd an 7 d , r 

the plasma beta, 0. is 3.5 afthe equated b oe’at"! f*’ A ‘ * Ws ,imC ' 
to field strengths of 0.833G and 1.67G, respectively The ? COrr ® Spond,Ilg 
the equator is 2 x 10 8 cm -3 and at it P , . e | y ‘ , e base density at 

corresponding temperatures aie 1.74 x 10® and ^ WWle ^ 

The boundary values between thpsp nn' ,‘. 42 X 10 res P ect ively. 

The polar density has u> bT(h is to oh, *” ry ^ with 
coronal hole, while the temoeratnra • obtajn 1 P ro P er densities higher in the 
i. the streamer To S » ^ Me thaa 

possible in a polytropic model However this ‘pffp r °? ° ° tber cbo ‘ ce is 

true temperature* it reflects MtM() T’ . ffectlve temperature’ is not a 

wind that is known to exist in coronal holes 6 ™ 1 * 0 " and heatmg of the solar 
3.2 The Magnetic Field Topology 

The magnetic field topology is shown in Fis-nrp 9 tl .k . 

the final state, after 20 hours of relaxation in physical tim^ ****** Sh ° W 
both to the intitial vacuum diopole held „ef, pVel^'X ^55 
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magnetic field topology with constant temperature anH A 

(center and right panels). The cnnstenr I P 6 and density at the base 

this comparison are 1.8 x 10 6 degrees and"? l e 3 nsity used for 

(Wang, et al., 1993). The mae-neffr fi u ^ 2-25 X 10 Cm 3 ’ respectively 

G, resulting in (3 = 0.5 at that point. ^n IllThr^ * ‘V Tp- t0r WaS 167 
line footpoiats lie at 10 degree intervals Th f pa f e s of Fl S u ™ 2, field 
«« that fieldlinas eqnatoSSl J l ™ ' eft panel il “» be 

cteed. The center and righlp^LTw h* h TT ? ’ ^ 5 ° “ 

speeds that occur in the present modei tead to ficM y “ d higl1 flo * 

poleward of the case with the constant bL^dar^St!^ , ^ ^n,, ^“ ll), 
consequence of the higher energy in the How “eld “ * 

3.3 Flow Speed and Density 

The dramatic difference introduced by varyine the tp mn * 
density at the base is shown in Figure 3 The ^ ■ emperature ™ d the 
flow speed are shown as a function of n I Th d f nsity ’ temperature, and 
(1.0^©, 2.0R e ,3.9R e , and 7.14R-,) Th P ^ a , g 6 at f ° Ur different radii 
ues are shown as daihed lines in each p^d ^ 
the important heights of 2 0 and 3 9 R th a • P shows that at 
coronal hole is 10 5 - 1 0 « cm-^L oL ® a ^ nS,t / at the center of the 
with constant boundary values ' The flow 6 ° f ma S nitude more 

spondingly much larger r^cWn^moT^’ ? the Hght pane1 ’ is 
a. M The ^ “" tCT ° f tha 

tropic index being 1.05, so little can be inferred from th^” ° f the P ° ly ' 
Again, it must be emphasized that this is h tem P erat ure plot. 

The low density in the coron^h S “ eff f tlve temperature.’ 

boundary value for the density below 6 t^ho'le 5 i m “ nly **“* ‘V*® 1<>Wer 
only accounts for about a factor of t™ a • th lncrease In flow speed 

di,io " ^ « p 
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the transition zone and a few tens of?L3S!?SS 

density) and a high flow speed at Tl - 1 2R ci* “T P ? dingly hi S h 

i==iiiS 
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source terms low in the corona. haVe enerSy ^ momentui B 

3.4 Polar Plots 
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Softd lines: hole/streamer 



Fig. 3. The density, temperature, and flow speed at t = > 


20hrs. 


L h l St T Ure r/ nly in the ° Pen region ’ but also in the adjacent dosed 
egion It is of order one importance in developing a model appropriate for 

simulating the scattering of photospheric radiation in the corona because 
of the line of sight contribution to the scattering (Noci, et al. 1993) An 
impression of the effect can be seen using a polar grayscale nlot of th? 

T;, in / h ' ? ht pa “ el ° f Fi «“ re th * of the Liber 

ensity is plotted in this way, along with overlays of temperature contours 
flow speed contours, and magnetic field lines. For comparison, the left pS 
shows a corresponding plot for constant temperature and density at the base 
- the case shown by the dashed lines in Figure 3. In these plots, the gray scale 
shows the logarithm of the density. Overlayed onto the gray sc^e Zs are 
contours and l fieldlines. The solid contours on the left half of the panels are 
ow spee (Mm-0, Max-350 km/s, 50 km/s contour levels). The dashed 

~x°.Vk °, f TJ' are (M.-I * lot 

. lax-2 x 10 K. 2 x 10 contour levels). The soUd lines on the right sides 
of the panels are magnetic field lines. 8 

The main difference to be noted between these two panels is that the 
density distribution on the left is far more spherically symmetric than on the 
right. However there are other interesting differences. First, the temperature 

in ttfoW t 6 Streamer / dashed cont °urs, right sides) is much nCwer 
m the hole/streamer simulation. This reflects what is observed in the solar 

wind. Next, it can be seen that the density follows the contours ofvelociw 
solid contours, left sides) better than the magnetic field lines. This reflects 
the control flow speed exerts on density in the corona - it is not a hydrostatic 

m !T y ’ the magnetic field lines do not seem to closely refelect 
the background density distribution. reieiect 

There are many detail differences between normally observed coronal 
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F»g. 4. Left: Constant T.n on boundary. Right: Coronal hole/ streamer simulation. 


structure and the structure in this model. The streamer is • * . 

magnetic field is not clear. However, these differences will b e P used to help 
guide further development of this model. heIp 


^ umiimx y 


The objective of this exercise has been to develoD a useful «rl«Koi a i t 

mSOHO Th 0 "t ° bserva h tions tha * w ' n be made using LASCO l”duVCS 
ti.H S0H °’ ThlS ° b f ctlve has been met the sense that an order of magni 
tude improvement has been made in simulating the density contrast belw^n 
holes and streamers. Details in the results raise further Ldel ing probTems 
and will be used to guide future studies. In parallel, the experience gained 
n this axisymmetnc coronal model will be used to guide the development 
of a fully three dimensional global coronal model. P 
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i* introduction 

It ha, b^n shown observationaUy that the appearance of the emergence 
lL”7 blpo1 " “7 gne,ic re 6* on (BMR) is always accompanied by bright 

“ tern <19 , 89) USed ! .w^men’: 

sional MHD, two-temperature simulation model to represent the transition 

region (i.e. .photosphere, chromosphere and corona) to study the dynamical 

rrz lb pirt of c ,h 7 oi “ atmMph ' r ' *» 

netic flux. The purpose of this simulation study is attempt to explain the 
bright coronal emission associated with the appearance of a BMR Because 
he earher model did not model the realistic features of transition in tWs 

1993 ) Thkh enabT 7 deV , el ° Ped nUmerical technique (Song, Wu, and Dryer, 
1993) wluch enables us to construct a transition region that includes the 

arvard-Smithsoman standard atmosphere in the MHD model. We use this 

mode! to simulate the atmospheric responses due to the emergence of the 

agnetu: flux across the transition region up to the edge of the corona with 

he objective to exhibit observed features. The fundamentals of the model 

conH^” m SeCtl ° i n IL Nume «cal results are presented in Section III finallv 
concluding remarks are given in Section IV. 

Purple Mt. Obser M PRC 
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2. Fundamentals of the Model 

The fundamentals which describe this physical system contain two parts: 

2.1 Mathematical Description 

The mathematical model used for this study cam be described by the first 
principle of the MHD theory, but the realistic energy equation was used as 
follows: 

~ + (u • V)p + 7 p(V ■ u) 4 - (7 - 1)[V • Q - ( 3 —) + G mech + L rnd ] = 0(1) 

where p is the plasma pressure, u is the velocity vector, 7 is specific heat 
ratio, Q is the thermal flux, J is the current, u is electric conductivity, G mec j, 
is the wave heating term and, finally, I rsd is the radiation loss term. The 
terms of Q, G mec h and Z rad are determined by specific models. 

2.2 Boundary and Perturbed Conditions 

The boundary conditions set for this calculation are divided into two parts; 

(i) computational boundary conditions and (ii) physical boundary condi- 
tions. It is realized that the left, right and top boundary conditions are 
computational boundary conditions which are set as non-reflecting bound- 
ary conditions at all times. The bottom boundary condition is the physical 
boundary condition. At the initial time (i.e. t — 0), the quiet photospheric 
conditions (i.e. p 0 = 3.5 x 10" 7 gm/cm 3 , T 0 = 6.5 x 10 4 ° K and B 0 = 500 
gauss) are given. The perturbed boundary conditions are prescribed at the 
bottom boundary when t > 0, which are: 

a - [P + sir ] l°ut»ide = l-5[p+ |"^]|inside 

b. In order to make sure that V • B = 0 is satisfied, 

we Set [-Bnloutside = (^n]inside- 

It should be noticed that this is a Lagrangian calculation. Hence, the bound- 
ary conditions and perturbed conditions are functions of time. 


3. Numerical Results 

In this study, three cases of perturbed conditions are employed. These three 
cases are: 

Case I: The strong magnetic flux emergence strength is seven times the 
background of the field strength. In this case, the magnetic field outside the 
computational domain is pushed into the region by the pressure difference 
between the outside and inside of the computation domain. 

Case II: The strength of the emergence of the magnetic field is the same 
as the background field strength but with a vertical velocity of 0.2 km s _1 
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at the lower boundary. This velocity is required to carry the field into the 
computational domain. 

Case III: The strong magnetic field emergence with isothermal atmo- 
sphere case is the same as Case I, but the transition region structure is 
ignored. 

We briefly summarize the results in the following: The velocity vectors 
and the fractional density, temperature, and pressure contours at various 
times for Case I are shown in Figures 1 and 2 respectively. Figures 2(b) and 
2(c), respectively, show temperature depletions and enhancements relative to 
the initial temperature profile from the chromosphere, through the transition 
region and into the corona. The schematic description of the physical results 
is shown in Figure 3. From these results we notice that the induced plasma 
flow oscillates at the Brunt-Vaisala frequency with a period of ~ 200 s (see 
Fig. 1). In general, we observed from density and temperature contours (see 
Fig. 2) that the cool region surrounded by two hotter regions appeared in 
the chromosphere and is identified as the arch filament system surrounded 
by bright coronal emissions ( see Fig. 3). Upward movement of the transition 
region (T.R.) is indicated by a vertical arrow in Figure 3. 

Case II, not only induced the “Brunt Vaisala” oscillation, but also induces 
horizontal plasma flow which may be identified as the source of a Morton 
wave. 


4. Concluding Remarks 

We have presented a two-dimensional, time-dependent MHD model with 
realistic energy equation which not only can be used for interpretation of 
UVCS/SOHO data analysis, but also could be utilized for planning SOHO 
observations. 
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ABSTRACT 

In order to study the relationship between different 
forms of activity and transient variations of the north-south 
component, B z , of the interplanetary magnetic field, IMF, 
at 1 AU, we employ a three-dimensional numerical simu- 
lation code to study several aspects of this problem. We 
simulate one form of solar activity, the flare, by using a 
pressure pulse at different locations near the solar surface 
and observe the simulated IMF evolution of -B z ) at 

1 AU. We found, for a given pressure pulse, that the orien- 
tation of the corresponding transient variation of B z has a 
strong relationship with the location of the pressure pulse 
and the initial condition of IMF. 

Keywords: 

1. Introduction 

The configuration of the magnetic field in the disturbed 
solar wind has become important in magneto- 
spheric physics, since it has been found that the direction 
of the interplanetary magnetic field (IMF) is an important 
factor in causing geomagnetic disturbances. The north- 
south component of the IMF B t (accurately speaking, in 
the solar-magnetospheric coordinate system) plays a cru- 
cial role in determining the amount of solar wind energy to 
be transferred to the magnetosphere (Arnold 3 ; Tsurutani 9 ; 
Russell 6 ; Akasofu ] ; Akasofu 2 ). Specifically, when the IMF 
has a large magnitude (> IO7) and a large southward com- 
ponent, the amount of the transferred energy becomes very 
large. On the other hand, the transferred energy becomes 
very small when the IMF is directed primarily northward. 
Also, Tang 7 show that a simple relationship between the 
orientation of the IMF B z component and the magnetic 
orientation of the associated flare region does not appear. 

In this study we employ a three-dimensional numeri- 
cal magnetohydrodynamic (MHD) simulation code to study 
the relationship between the solar activity location and the 
changes of IMF B. at 1 AU. We examine one form of so- 
lar activity, the flare, by assuming that it can be simulated 
by a pressure pulse for a period of several hours. Then 
for a simple three- dimensional IMF configuration (undis- 
turbed), we examine the IMF consequences at 1 AU. Using 
this procedure, we explain why a simple relationship be- 
tween the orientation of IMF B z component at 1 AU and 
the magnetic orientation of the associated flare region does 
not appear. 


2. Mathematical Methods 

In order to understand the correlation of the locations 
of various forms of solar activity and the changes of IMF B z 
at 1 AU, we choose a MHD three- dimensional numerical 
simulation code (Han 5 ) to study this problem. The gov- 
erning equations represent the conservation of mass, mo- 
mentum, and energy well as the induction equation for a 
single-fluid, fully-ionized plasma in the spherical coordinate 
system. 

The basic numerical methodology used for the present 
modeling is an extension of the Lax-Wendroff finite differ- 
ence methods. The details of the computation procedures 
are given by Han 5 . We are not going to repeat these details 
here. 

3. Simulation Results 

We consider a unipolar IMF as the initial magnetic 
field configuration in this study. In this case, there is no 
current sheet, and the magnetic fields are all of positive 
polarity, i.e., the IMF is directed outward from the sun. 
The other case has a current sheet near the equatorial plane 
which will be discussed by Dryer 4 . 

To obtain a representative steady state solar wind, we 
choose a set of plasma conditions at 18 solar radii that, 
by trial and error in the ecliptic plane, can produce rep- 
resentative solar wind conditions at the earth’s orbit. The 
conditions used at the inner boundary are: 

1 

p = 2.35 x I0~ 9 kg/km i i V r = 250 km/sec, T = 1.1 x 
10* A" 0 , B r = 3 x 10 -2 gauss; 

B e = - sin20 x 10~ 5 gauss; B+ = - 16 sin0 x 10" 5 
gauss; V $ = V r {B $ /B r ); 

V+ = -V r (B+/Br) 

where the last two expressions are found from the speci- 
fication of the electric field E = V x B = 0. The com- 
putational domain for this steady-state simulation covers 
45° < < 135°; 0° < <f> < 90°; 18A, < r < 215 R,. An 

open boundary condition at both B = 45° and B = 135° is 
used so that there are no reflective disturbances. A con- 
stant grid size of 6+ = 3% Sr = 3 R. and SB = 3° are used. 
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The integration along the radial direction continued until 
t " e J d ' Stance reaches 11 AU. We put a high pressure pulse 
at different locations at 18 solar radii. There is no special 
significance to this choice of lower boundary other than 
the fact that it is representative of both a supersonic and 
super-alfvenic zone where all input pulses will propagate 
in the anti-sunward direction. We will show three major 
cases in this paper. The high pressure pulse has Sp/p 0 = 4 
and ST/To = 7.5. Temporally, the strength of the perturba- 
tion increases from the initial condition to maximum in one 
hour, then the perturbation lasts for four hours, and then 
ramps downward to zero during the following hour. We 
suggest that this initialization procedure may approximate 
some representative long duration soft x-ray solar flares. 
Spatially, this input pulse is inserted at the three locations 
noted below: (i) a northern hemisphere location at ,V24°; 
(u) an ecliptic plane location: and (iii) a southern hemi- 
sphere location at 518°. The first and third locations for 
this first, simple unipolar case are, of course, nearly mirror 
image cases. 

Figure 1 shows the calculated variations of the Bo- 
component of IMF (nearly equal to -B.) due to those three 
simulated flares for the initial magnetic field configuration 
being a unipolar IMF . These variations are monitored in 
various locations such that the effects of the B e variations 
on the locations of the flare are clearly indicated. For ex- 
ample, the variations of B s observed at six degrees north 
of the solar equator behaved differently in comparison to 


the case observed at six degrees south of the solar equa- 
tor and in the solar equator. This feature has particular 
meaning in the practical sense. Because, it gives the char- 
acteristic for the prediction of geomagnetic activity. Since 
" has been suggested that when the component of IMF 
turned south and its magnitude reaches about 10 nT, it will 
enhance the ionospheric current system. 

Flgure 2 shows th ' same results but with the initial 
IMF configuration that incorporates a flat equatorial helio- 
spheric current sheet. It is immediately noticed that the 
arriving time is much ahead - 10 hr. when the flare lo- 
cation is at the equator (i.e., the location of the current 
sheet). This point is discussed by Dryer 4 . 

Figure 3 shows a three-dimensional view of the radial 
component of solar-wind velocity in the <fi = 45° meridional 
plane at t = 50 hours, 75 hours, and 100 hours after the 
introduction of the pressure pulse for initial unipolar IMF 
configuration at various flare locations; A r 24° flare (upper 
row),^ 500 (mid row) and 518° (lower row). The steep 
"cliAT at the figures right side represents the outer bound- 
ary’s dropoff to the background as set by the computer 
graphics, therefore, should be ignored. 

We notice that the N 24° flare's fast forward MHD 
shock can be seen (t = 50 hrs.) at the north-most bound- 
ary of the computational domain and 518° flare's forward 
MHD shock was seen on the opposite direction (i.e. the 



Figure 1. The variations of B e (-B z ) component of IMF at 
configuration and at various locations of the flare. 


A.U. for the initially unipolar magnetic field 
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south- most boundary of the computational domain) from 
hese revolts. Further, we also see the development of fast 
reverse MHD shocks. A detailed discussion on the MHD 
shock interaction will be presented elsewhere. 

4. Conclusion and Remarks 


We chose two cases of an undisturbed IMF configura- 
tion. rn one case, it was unipolar (positive outward); in 
the other, a flat heliospheric current sheet (positive in the 
northern hemisphere; negative in the southern hemisphere) 
was used. Then we used the same pressure pulse (to simu 
late a long duration solar flare) at various positions in these 
two cases. From the above simulation results, we can point 
to a simple relationship between the locations of the solar 
flare, the IMF initial conditions and the north-south com- 
ponents, B z at 1 AU. We catalog these simulation results 
into two groups; the first group is the case for the uniform 
IMF (i.e. without current sheet); the second group is the 
case for a nonuniform polarity IMF (i.e. with the flat he- 
liospheric current sheet). 


For the initial condition of the IMF such that the po- 
larity is everywhere outward from the sun, we found that 
the orientation of the IMF turns northward (~B Z ) at 1 AU 
when the ^simulated flare is in the northern hemisphere at 
a time of 75 hours after the perturbation was started. The 
orientation of IMF turns southward at 1 AU at the same 
time after the perturbation was launched when the flare 
is in the southern hemisphere. Therefore, in principle, it 
would appear that it may be easy to predict the occurrence 


l a r, magnet,C St ° rm fr ° m the *° Cation of a if 

the IMF were everywhere outward from the sun. For ex- 
am p le ,f there is a flare in the southern hemisphere of the 
un then we m.ght expect a geomagnetic storm at earth 
three days later. On the other hand, if the location of so- 
a actmty ts m the northern hemisphere of the sun, we 
tnght expect a small amount of solar wind energy transfer 
to the magnetosphere resulting in only a weak disturbance 

""t" 8 various studies (Arnold 3 ; Tsurutani’; Russell*; 
Akasofu , Akasofu - } 

From the above discussion, it seems easy to predict 
^ie occurrence of a geomagnetic storm from the location 
f the solar flare. Unfortunately, the IMF configuration 
is qutte complicated and substantially different from the 

near . e h Un,P ° ! r ^"? pie here. A current sheet 

near the equatorial plane of the solar coordinate system is 

necessary to'stnHv" 1 at S ° lar min ™' Therefore, it is 
y some cases in the second group which 

z::r n uT eet in * in order to 

IMF L f AU w'° Ur thC north - sou ‘ h component, B. of 

tW IMF U ,' " 0te PaSSing ’ that the B ‘ component of 

tmtatT T aSUredin the S ° lar -hpt.c coordinate 

mode? ,h 'l , ' spac<craft - W «= u^d, in the 

modei, the spherical coordinate system, fixed at the sun’s 

equal'to W n ° r * h P ° Ie ' ThuS ’ our is 

to th i Bz Whlch ’ m turn > mus t eventually be converted 
to the solar magnetospheric coordinate system for one-to- 
one comparison. 
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TIME - 50 HOURS 

Flare location: N24 <, E00 o 


TIME - 75 HOURS 



TIME - iOO HOURS 


Flare location: S18°E00° 

a 

i i 




ool Jtt e L bjeCtiVe °i thiS Study was famine the IMF 
state) Earth * pos,tion ’ « iven initial (steady- 

at several 

resiilts provide a basic picture of the IMF changed ^Vcon” 

re , aUst,c ‘hree-dimensional shock propagation 
through the solar wind. The change of IMF polarity in the 

H?IMF ^ V,Ce ' VefSa) direction d«P«ds on the ini- 

.al IMF configuration and the location of the solar flare 

In principle, if these two factors are known, the likelihood 
geomagnetic storm occurrence should be a more-easily 
predictable task. In any case, our study supports the sTudy 

twe?n n the W d iS n ° sim P le relationship be 

n the dominant magnetic polarity in the solar flarini 

° i ,h ' ,mf «■ 
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ABSTRACT 

A fully three -dimensional (3D), lime-dependent, MHD interplanetary glob- 
al model (3D 1GM ) is used to investigate the effect of a flat heliospheric cur- 
rent sheet (HCS) on the propagation of solar flare -generated shock waves 
and the structures behind them. The time series of the imeiplanetary mag- 
netic field’s meridional component, ( ■-&. in solar-ecliptic coordinates) 
is examined by Wu et al. ( 1992, this volume) for a matrix of 27 cases of flare 
location and observer positions (e g.. Earth). A strong dependence of B, 
phasing and rotation (by the nonlinear, large-amplitude MHD waves that fol- 
low the leading shock), as a function of observer position relative to the flare 
location, was clearly shown. The presence of the HCS compounds this de- 
pendence, as is obvious in a comparative examination of the case when the 
HCS is absent. Interaction of the incident, leading, fast forward MHD shock 
upon the HCS may produce a plethora of products; we speculate that one of 
these is a fast rarefaction wave that propagates in the anti-sunward direction 
within the HCS, faster than the shock itself 

Keywords; 3D modeling, heliospheric current sheet, shock interaction. 


1. INTRODUCTION 

The development of a fully three-dimensional (3D), time -dependent MHD 
model of heliosphenc interplanetary magnetic field (IMF) and solar-wind 
How (Refs. 4, 6) has made it possible to investigate a number of scientific 
questions concerning the evolution of solar-generated disturbances and their 
heliospheric consequences. Kinematic studies, method-of-characteristics 
schemes, and even numerical ID and 2D steady-siaie and time-dependent 
studies are valuable for early exploration of various questions; however, 
only a fully 3D numerical model, with sufficient computer and graphics ca- 
pability, can expand our understanding of the complex phenomena that chal- 
lenge physicists who study the Sun and the interplanetary medium. 

In this spirit. Ref 12 addressed the question: what is the temporal behavior 
at a given point (Earth’s locauon would be an obvious choice) when a solar- 
flare-generated shock propagates past that point? Those authors considered 
a simple, unipolar, out ward -pointing IMF (i.e., with no heliosphenc current 
sheet) and examined the comparative temporal ( ■ -Bj) response follow- 
ing individual flares in both nonhem and southern solar hemispheres as well 
as at central mendian and in the eastern and western hemispheres. They also 
compared the response of with the more realistic case in which a flat 
equatorial, heliospheric current sheet (hereafter HCS) is present in the undis- 
turbed ambient medium — representative of solar minimum conditions. In 
two arbitrarily chosen examples they found the following interesting situa- 
tion: An observer located 6° above, within, or 6° below the solar equatorial 
plane received information of a disturbance from an equatonaily located so- 
lar flare about 10 hours earlier than reception of the same kind of information 
when the same represen tab ve flares were located either 24° above or 18* 
below this plane. 

This paper is limited to a brief discussion of velocity profiles in the 
meridional plane, these profiles suggest the presence of a complex sequence 
of products following the fast, forward interplanetary shock's interaction 
with the HCS, A fast rarefaction wave may be one of the products of this 
interaction process (c.f. Ref. 7). This wave may move, ami-sunward, faster 
than the shock itself, thereby explaining the signal's earlier arrival at the ob- 


server s position when compared with the signals arriving from higher- 
latiiudc Hares. The analysis procedure is summarized in Section 2, results 
are given m Section 3, and concluding remarks are presented in Section 4 

2. ANALYSIS 

The analysis procedure, including the finite differencing solution of the eight 
fundamental MHD equations, with infinite electrical conductivity and ne- 
glect ul dissipauon except at shocks, is given in detail by Ref 6 Some re- 
sults are given by Refs. 2, 3, and 4 for a senes of applications that include 
shock propagation and evolution of solar-generated piasmoids as well as a 
croissant-shaped piasmoid that may be representative of magnetic clouds 
As in Uie.se works, we will use a representative, steady-state solar wind and 
IMF OUicr profiles will, of course, change the magnitudes discussed later, 
but Uiey will not change the basic trends. As in our earlier work, the com- 
putational domain is chosen to be a heliolongitudinaJ sector, 0 £ $ s 90°. 
where die outward axis in the solar equatorial plane may be considered to 
be in die <p = 45* meridional plane. The heliolautudinal sector is taken to 
be 45° 135*. or, in terms of solar latitude. 45* 20s -45° The outer 

bounthiry is taken to be R - 238 R 0 ; the inner boundary is at 18 R Q The 
grid size is AR - 3R 0 , A$ - 3°, - 3* . 

The flat HCS is taken to be representative of solar-minimum condi uons The 
velocity and density within and near (latitudinal! y) ihe HCS are anu-corre- 
latcd; die velocity at I AU rises from about 325 icm/s in the equaionai plane 
to about 4<)() km/sat0» ±45°. The density was increased to achieve pres- 
sure balance within and near the HCS (where the IMF decreases to zero) 

The lower boundary is in the supersonic and superalfvenic zone, thus arbi- 
trary values of all eight dependent variables can be chosen for initialization 
purposes In this study, a moderate-sized solar nare was simulated by a com- 
bined product of density and temperature increases (supported by many X- 
ray and spec trographic observations from Skylab, SMM, etc.) that peak at 
Ar/P — 3U (see Ref 12) at the domain's lower boundary This peak, to- 
gether with a sinusoidal drop-off to the background pressure, is taken at the 
center ol a circular base of 30* angular radius at the lower boundary. It is 
assumed that a similar profile would have existed at the flare site near R * 

I Rq I he temporal duration of this pressure pulse is assumed io be repre- 
sentative of a long-duration X-ray event (LDE ); us thermal pressure profile 
in ume is taken to be a 4-bour duration with 1 -hour ramps at the start and end 
Three separate computations were made at the * * 45° meridional plane at 
B = 66°. 90°. and 108*. The temporal profiles for all dependent variables 
could, of course, be plotted at any of the 3 1 x 3 1 x 70 gnd points-an enor- 
mous task! [ n this effort it was decided to examine Be at R = 165 R 0 (0 77 
Al I — io he considered in another paper) and at 1 AU. at a maim of nine sets 
Of angular positions, as follows: 

B .90 .96 ): thereby simulating the observer’s point (e g. Earth) 

6* above, within, and 6" below the solar equatorial 
plane. For Earth, this procedure approximates the 
seasonal effect. 

<p = (33*. 45*. 69 °): thereby simulating central mendian (CM) positions 
of the observer (viz Earth) relative to flares in the 
eastern and western hemispheres as well as at CM 
(#-45«). 



Thus, as in Ref. 1Z the simulated B$ ume -senes will be examined at nine 
observer locations, for a matrix of three solar points considered to be the cen- 
ter of solar flares at the positions shown in Table 1 . 

The computations were actually performed with the centers of the pressure 
pulses at three positions in the 45° meridional plane: 0-66°. 90°, and 
108\ as discussed by Ref. 12. Hence, for these three flares, observed at each 
of the nine observer locations given above, we have a total of 27 simulated 
flare disturbances. Section 3 contains a few general remarks about these 
flares. 


Table 1. Flare locations. 


Western Hemisphere 

CM 

Eastern Hemisphere 

N24*W12° 

N24*E00* 

N24°E24° 

S00*W12° 

S00*E00* 

S00 # E24* 

S18*WI2 # 

SIS^EOO* 

S18 # E24 a 


3. RESULTS 

The discussion of results will be limited to the following topics: ( 1 ) a remark 
about the B$ time series, (2) a 3D view of the solar-wind velocity in the 
^ ■ 45° m eri d iona l plane at several times after a flare occurred at N24* and 
S 18*, and (3) a schematic discussion of the possible products of the interac- 
tion of the flare-generated shock with the HCS. 

3.1 ATimc-Scncfiai 1 AT f 

Ref. 12 has discussed the B$ response as observed at 6°above and below the 
solar equatorial plane. Several points should be made here. First, the direc- 
tion of the polarity response (except for the flares in the equatorial plane) is 
anucorrelaied for flares in the northern and southern hemispheres. Second, 
the polarity time-series is sinusoidal, reflecting the post-shock, large- 
amplitude, MHD waves that produce large IMF rotations Third, the shock 
(or other disturbance) from flares in the equatorial plane arrives about 10 
hours earlier than the other shocks. (An explanation for this phenomenon 
is offered in Section 3.3, where the velocity in the meridional plane is dis- 
cussed within the context of sbock-HCS interaction.) At R » 165 R e , all 
profiles returned to background values at t * 125 hours, thereby providing 
a check on the accuracy of the numerical simulation. 


32 So la r- Wind Vd a citx Profile: A 3D Vi flW 

Figure 1 is a 3D view of the radial component of the solar-wind velocity in 
+ m 45 0 meridional plane at / « 50 hours, 75 hours, and 100 hours after 
of ^ pressure P ul * Shown here are the velocity profiles for the 
N24 flare (upper row) and for the S 18* flare (lower row). The steep “clifT 
at each carpet plot s right side represents the outer boundary’s drop-off to the 
background; no information is given here, outside the computational do- 
main, and therefore this area should be ignored. 

From the reader's vantage point, the N24* flare s fast forward MHD shock 
can be seen u = 50 hours) at the northern-most boundary of the computation- 
al domain the velocity profile closest to the reader, between the two verti- 
cal dotted lines At the same boundary, the development of a small fast 
reverse MHD shock wave can be seen. 

3.3 Interaction of ^hork With HCS 


* “ r vanla ? e P°' nt - HCS. is provided by (he view of the 

S18 Hares fasi forward MHD shock. Ai / « 50 hours, we can see whai 

appears 10 be a precursor “hump” in the velocity profile, where the shock in- 
tersects the deepest pan of the HCS’ velocity minimum in the upstream 
steady-state solar wind This bump persists at » - 75 hours, but can no longer 
be seen at r = 100 hours because the 3D view shows only the rear of ihe 
shocked structure The fast forward shock has already moved out of the com- 
putational domain ai the nght side. The,. 100 hour perspective does, how- 
ever allow a view of (he return to the original, undisturbed, sieady-suue solar 
wind— thereby indicating another check on the accuracy of the numerical 
procedure (Ref. 12). 


. v mwvn u proouca by interaction of ihr mri 

dentfast forward shock with the HCS. Clatsuai non-linear studvaffief 7) 
sptiuinp of an initial discontinuity problem (viz shock-on-shock 
sWt-on-Mfentul discontinuity, etc.) have been used by Refs 5. 8-lO^d 
when Wave-guide studies have been made by Ref. 1 1 . and a linear approxi- 

^m oro^W ma<le ^ f* r ‘ discontinuity" 

™' y comes closes ' •» 1* case studied here. In (his case. the 
incident shock encounters a current sheet through which the IMF reverses 
direction by 180*. and the plasma density rises and ihen drops off Figure 

ISl. ViKST* * *“ ‘ U “ eWed * «■* tociden, 



t=50 hr 


t=75 hr 


t=100 hr 



Figunl. 3D view cf the radial talar wind velocity in the + — 43* meridional plane at dine times following flares at N24‘ (top row) and at SI8* (lower row). 
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products of interaction: 

S+ Fast Shock (shown here) 
S. Slow Shock 
C Contact Discontinuity 
A Rotational Discontinuity 
R+ Fast Rarefaction Wave 
R. Slow Rarefaction Wave 



Propagales upslream 
faster than $, 



re l sketch of the interaction of a fast shock, 

the HCS. 


Sf , with 


£ T* °** h *° nm S,udy °f the oWMue shock s interaction wif 
jne HCS as described above. Based on related studies of Refs 5 and 9 
however, we know that the impinging shock rust decreases its speed as it en 
counters the denser plasma m the HCS; it then increases its speed as it move 
toward the other side of the HCS. and exits at the same spe£ with which ii 
entered the HCS. Other products of the interaction (in addition to the fas 
shock just discussed) may include a slow shock, contact discontinuity, rota- 
uonal discontinuity, a fast rarefaction wave, and a slow rarefaction wave 
i^ 1,CVC ^ 3 faSt rarcfaaion wavc propagates within the HCS "wave 
guide in the anti-sunward direction. If correct, this assumption could be an 
appropriate physical explanation for the early amval of the disturbances 
from the equatorial-plane flares, as discussed in Section 3. 1 


4 CONCLUDING REMARKS 

In this study, the propagauon of solar-generated shock waves has been inves- 
tigated within the context of 3D numerical simulations that included the 
heliospheric current sheet in an assumed flat configuration, representative 
of solar-minimum conditions. In a closely related paper (Ref. 1 2) a simple 
unipolar IMF was considered. In the present study we found, for a matrix 
of 27 simulated flare and observer positions, that the in solar- 

ecliptic coordinates used by in situ interplanetary experimenters) tune series 

is strongly dependent on the observer’s position relative to the flare as 

found by Ref. 12. The presence of the HCS compounded this strong depen- 
dence. Further studies, particularly with animated, 3D color graphics, will 
provide further understanding of the complex, nonlinear, large-amplitude 
MHD waves that follow in the wake of the leading, fast forward MHD shock. 
Finally, our 3D simulations yielded some hints concerning the interaction of 
the HCS with the leading, fast forward interplanetary shock We speculated 
as to the products of this interaction and suggested that a fast rarefaction 
wave, would propagate upstream (faster than the shock itself) through 
Uie effective wave guide provided by the HCS. The speed of R. is probably 
dependent on the angle, a. between the incident fast forward shock (as 
shown in Figure 2) and the HCS as well as on the profiles of IMF magnitude 
and plasma density. 
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ABSTRACT 

StudiM haveshown that Earth passages of fast coronal mass ejections (CMEs) trigger geomagnetic 
«oma. tarty .tanficatton of fas. &nh-d««ed CME can help pr^vtde norm wrtJSSSSSTS 

“"*** h ^°«« — W USUI 

ele^T^fr^ 8 ? f “ Earth - directed CME ■* recombination between protons 

and electrons in the CME can travel ahead of the CME and act as harbingers of a magnetic storm Fhis 

fT k lfe ^f **** m Pr0duce<i * whlle CMEs decelerate continuously 

after their ejection, the EHA fluxes produced in the initial phase of fast CMEs propagate at their initial high 

M°^ l 5im, ^ ons ^pport this proposed mechanism. A coarse measurement of 
w A * AU C ° Uid provide stonn warning hours in advance, and finer measurements 

'«*ttven« of a CME as well as theevoluuon 

1. iNTRoniimnM 

worldt^hM ^"LUrif^r 1 * d * OT “ “ "* hort “"“ 1 “"P**" °f Earths magnetic field 
eI^^^d£Z£Tl£!? « “« PM In the form of telecommunication and 

eiectncal power dumpaotu. For this retson, storm predietton is of constdoable interest. 1 

Thus for. geomagnetic storms have been linked to the arrival at Earth of a compressed southward- 

£rt1d ^f"a l< a« e ^ , Io n ^fl fteld ( “? !) " d * cora “ i mm Meta. (CME). A scheme to predict the 

m ldV ““ by monitorin * the Mce Mween Sun and Earthwith a 
^m^ has been jropo^d . However, not all CMEs would trigger a major storm that could cause radio 
ectncal power blackouts. Of all the parameters associated with CMEs and IMF, that are relevant to the 


II 


mggemg of la rge storms, the initial speed of a earthward directed CME dose to the Sun appears to he most 
crucial . 1 * 3 

T0 avo ,d ,he ***** of 

examine the possibility of detecting any^>« « ^ brightness of the solar disk rejects senous 

high initial radial speeds on a more affordable Earth ' 1MF ^ connects the Sun and Earth rules 

J»iderations of photons as candidal. The spmd cmmeos^ ^ ^ ^ 

out charged panicles as a medium. What ^LT^E^mfcME slowdown in its eanhward 

in me initial high- sp«d s^e can ^oals bon, in the initial high-speed 

«*• 1 idea- 



I y 



1 1 . Comparison of speeds of ^hUreteued «S» ( 1 .000, km/s 

•; idea of using EHA of CME 

gin as predictor of geomagnetic storms. 



Hvd^nrrc'M^r: in spac h e piasma aiiows us ,o ^ °« «» * ^c Mn of 

'— - provided .he a '° mS '" 3 plaSm3 * 0W ° f - 


Charge exchange: 
Recombination: 


p ♦ H - H ♦ p 
p + e - H* 


nn ** P r0t ° ns associated with CME which after the interactions become the H’s 

^ ^ ^ ^ — o,^ cme ,o 

-5 sages, as observed io Ha out to 

temperatweonc^ K tESJ*? h °* i° of « f P™«ns, n p , for a (yp.cal 

™ c u ’ Thcrefore ’ char 8 e «change cannot be of significance to the production of neutral H 

m *** othcr hand ' thc overall neutrality of plasma demands that within a CME n - n the 

number dens.* ofeiections. Hence, we Ml eaamine on* the product 


Along the direction of propagation of a CME, the flux of H in (cm 2 
m a volume element moving with a bulk speed of v is 

df » a n p n« v dt exp(-D) 


resulting from recombination 


.'l!!r^ljl P * re00m b' naI * OD ® oeffic ’e«.whi C b is a function of the temperature of the gas. TT* exponential 

ssssar ph< ~ io “ wwfc in “* •“ 

D - / (/ to.(e) *o 2 (e)l n p (tS) da ♦ / o 3 (s) ^(c.r 1 ) da * fKndnrtE) 10 ) ds'. (2) 

The <T,'S are the cna^sections for the various interactions to remove the EHA before reaching the observer 

a, for charge exchange with solar-wind protons, a, for proton impact ionization of hydrogen ( o- does not 

include «,) and «j for electron impact ionization of hydrogen era given by Freeman and Jones- 4 S is the 

T.T°™Z°:r " <- 88 * 104 5 ' “ 1 AU - - » off a. r* )^“s £?est ilZ 

H. All o, s and the different^ number densities n,'s (subscr.pt p for proton, . for electron) are expressed in 

the appropnate reianve energy a between H the respective projectile. For each type of projectile the 
tanemanc .transformation is different! therefore, foe integration owereUtive energy muTbe d£e S«eW 
After an H is bom .ns.de the CME it has to go through portion, of CME eMW KK 


reach Earth's orbit earlier than the CME In such cases, charge exchange with a CME proton may occur, the 
resulting H will have a speed slightly slower than, but still close to. the original H. Therefore, we drop the 
effect of charge exchange with any proton of the CME One may also ignore ionization by electron impact, 

since Oj « both <jj and 02. 6 Second and third encounters with the solar wind particles and solar photons 
need not be considered since the local IMF would remove the newly ionized H from its flight towards the 
observauon point. 

Since the CME is moving towards Earth with a deceleration as depicted in Fig. I and since the CME has 
a radial spread of several R$ at -20 Rs and continues to expand as it propagates. H flux produced in one 
portion of the CME at an earlier time may arrive at the monitor at Earth's orbit simultaneously with those 
coming from another portion of the CME at a later time. To find the H flux arriving at the observer as a 
function of time, we integrate Eq. ( 1 ) over all elements of the CME as it evolves and propagates, that would 
have the same arrival time. For the purpose of prediction of the arrival of a fast CME. we need only 
consider the activities along the Sun-Earth line. 

3. PARAMETRIZED MODEL 

To obtain the time profile of the fast H atoms of CME origin, at the observation point at Earth’s orbit. 
R„, we parametrize (for computational convenience) the evolving and propagating CME produced by a three- 
dimensional MHD simulation . 8, 9 The radial profile of n« (» rip) is approximated by a gaussian distribution 

rw(r) = tv, (R s / r) 16 exp [-(r - r p ) 2 / <T J (3) 

where r is heliocentric distance; and the measure of the spread of the density distribution evolves with time 
as 


o(t) * ( A > B t) R s . 


The centroid of the distribution propagates with a constant deceleration a 
r p * 15 Rs + v 0 t - at 2 / 2 , 

where v 0 is the initial radial velocity. For the lack of knowledge at r < 15 Rs, we take r =* 15 Rs as our 
initial Tp. Consequently, radial velocity of any element away from the centroid has a time dependence 

r'(t) * v 0 - at + B (Ro - r - v 0 1 + a 1 2 /2) / ( A ♦ B t) 


which decreases in a non uniform fashion as compared to that of the centroid, but more tike that from the 
MHD simulation. 

4. H OF CME OR IGIN AT EARTH’S ORBIT 

Obviously, the fastest H that traveled the least distance will arrive at Earth's orbit first For a model just 
described, however, it is not so straight forward. To find the H flux arriving at the observer at Earth's orbit 


as a function of time, we integrate Eq. ( 1 ) over all elements of the CME that would produce H atoms having 

the same arrival time. The value of a in Eq. ( l) is 1 x 10' 14 cm 3 s' 1 for a gas at 2 x 10 K, temperature or 
the simulated CME. 10 For each time of arrival at Earth’s orbit. t e , the limits ot integration are 


ti = tE - g(*E« m = ‘ 2-0) and t: = tE - g(tE". m * 2.0) . where 
g(t E ; m) = [t E : - 2 (v 0 ♦ m B) t E / a + 2 ( Ro - r - m A) / aj l/: 


(4) 


where m runs from -2.0 to +2.0. Any contribution from within 5 R s is dropped due to the limitation or this 
Neutrals generated by any portion of the CME that has already arrived or passed Earth s 

orbit are also ignored for obvious reason. 

The two CMEs depicted in Fie. 1 are tried with the above model with the following pairs of v„ .and la: v. 
, 1.200 km s ' and!- 2.7 x 10 “ km s 2 for CME 1 and v„ - 1.000 km s' 1 and a- 2.3 x 10 tans m 
CME 2 They share the other parameters, based on the MHD simulation mentioned ear t . rv> - . 

R, corresponding u, ?t7i0> cm 2 at 18 R,i A - 10; and B . 0.2 hr 1 . The results are shown ,n 

the two panels of Fig. 2. 

In each case, the dotted line represents the CME ptotons (same for electrons), and 
—esents the time profile of the neuhral H atoms < 33 - 7.5 keV in the upper panel and 1.9 -33 k eV m the 
Coproduced in the CME by recombinadon. The shan> cut-offs arethieto our limits of mtepauonim-- 
2 0 to 2 P 0taE? (4)). The limits are reasonable. because the proton fluxes are compoable tothe qmet-urne 
solar-wind flmt of 2 x 10* cm' 2 s‘.The neutrals do arrive about 2 - 3 hours earlier than the CME- 
value of the CME proton flux, in both cases, is « 10 2 that of the quiet-time solar wind. The H atoms do 

arrive earlier as expected. 


S DISCUSSIO N ban CONCLUSION 

The results shown in Fig. 2 are not surprising. The neutral H atoms produced in the CMEs ■ a™® 
earlier than the decelerated CMEs. The two cases differ only in their respective initial v„ at 15 R s a 

constant deceleration a. We note that the peak ratio, p : H - 10 5 , is consistent with that of a plasma at 10“ 
K. 5 The loss of H due to ionization by collisions with protons and photons is heaviest for those neutrals 
produced closer to the Sun, which has a total loss of - 1 0% . 

Since the peremetriied CME is hexed on the results of MHD simulations of > CME sorting «'8 « s.we 
consider our model — If our model is sufficiently ralink. the question of how we on benefit trom 
the earlier amval of neutrals of CME origin becomes a quesnoo of detection techniqueiAs Fig. 
^^Minpndictio. depend! on the seoaidvity of the neutnl-pertcle deoctor. Obviously, the lead 
time can be even Srtggering of e geomagnetic storm would reqwe e pt otc n flymore man a 

few times that of the quiet-dme solar wind. If a detector has a sennnvtty of 10 2 panda (cm sr si ■ 

— » POtabta one crucial criterion « Urn 

SL abiUty to reject photons, since ihey have to detect peiucle. coming directly fromj^Sum Trohmques 
for neutrals in the energy range of 2 ■ 20 ke V with the required sensitivity have been developed, 

and some of them may be presented in this same issue. 



Althoueh there is no need for energy resolution in such detectors, if their task is limited to storm 
even modest ene^y resolution, however, can actually prov.de us m.ormauon on 
relir^Ton of CME bmween tite Sun and Earth for the fin. time .me dte fastest 
neutrals are produKLes. to the Sun. we can even measure the tnittal high speed ot the CME 
determine the geomagnetic effectiveness of that CME 

We hope the results presented here will lead to immediate actions resulting in Mriy-warning capabilities 
for geomagnetic storms and first-hand studies of the evolution and propagation of CME 
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ABSTRACT 

T he i9 BB-AbB (Implicit-Continuous- 
Eulerian-Dif ference Mesh - Arbitrary- 
Lagrangian-Eulerian) algorithm which was 
originally suggested by Brackbill and 
Pracht (1973) is modified for the study of 
astrophysical plasma flows in which 
dynamical effects are important, in their 
work, the energy conservation includes 
only the sum of specific internal and 
magnetic energy. The kinetic energy of 
the plasma flow was not considered bv 
these workers. In the present study, we 
have derived the general energy conserva- 
tion law based on the Boltzmann equation 
which is suitable for astrophysical plasma 
flows. Thus, the total energy density 
includes three parts; kinetic, specific 
lnternai and magnetic energies. Because 
of this addition, the iteration procedure 
is modified in the present study in which 
we have included both total energy density 
and magnetic field components as the major 
iterative variables. Thus, the total 
energy is computed implicitly and the 
energy equation and magnetic induction 
equations are satisfied at the end of the 
iteration procedures to account for 
convergence. 

A numerical example is given for a 
highiy structured astrophysical plasma 
flow which shows that the convergence 
speed of the present scheme is better than 
the original one suggested by Brackbill 
and Pracht (1973). in addition, we also 
demonstrated that the rezoning algorithm 
can be used as a noise suppressor which 
‘jrestly improves the numerical stability. 


1 • INTRODUCTION 

In solving magnetohydrodynamic (MHD) 
flow problems the ICED-ALE method 
(Brackbill and Pracht, 1973 hereafter 
referred to as BP) has more advantages 
such as its ability to resolve arbitrary 
continuing boundaries; to have variable 7 
zoning for purposes of obtaining optimum 
resolution; to be almost Lagrangian for 
improved accuracy in problems where fully 
Lagrangian calculations are not possible- 
and to operate with a time step many tim4s 
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iarger than possible with an explicit 
- ® eth °d.The most important advantage is - 
t L a v° ld the s °- ca lled Alfven problem 
which means that stability conditions 
severely limit the maximum time step when 

th L A i£ Ven s P eed is very large compared 
with the maximum fluid velocity. Thus 
this method also allows us to deal with 
strong magnetic field problems with lower 
of £ he gas Pf es sure to magnetic 

there** is' n ft-” /&*))• In astrophysics 

there is often a necessity of disposing of 

a severely nonhomogeneous boundary inter- 
face on both sides of which gas densitites 
or magnetic fields are quite different. 
?f V f5 al ® xam P les are the solar prominence 
in the chromosphere and corona as well as 
the solar magnetic flux tube in the 
subphotosphere. The ICED-ALE method (BP) 
potentially has the ability to solve such 
problems, in view of this possibility we 
will apply ICED-ALE to astrophysics 
problems with some improvement and 
extension. 

First, in BP's extension of ICED-ALE 
to magnetohydrodynamic flow problems, the 
iterative variables and equations include 
only the magnetic induction equations 
together with the momentum and mass 
conservation laws. The total energy is 
computed explicitly. BP substituted the 
magnetoacoustic speed for the adiabatic 
sound speed and then introduced the 
proportionality between variations of 
augmented pressure and gas density as 
follows; 


*P - (c* + v*) ip. 


( 1 ) 


fUL**? va lidity of equality (l) was not 
strictly proved. Later we will demon- 
strate that, in the case of ordinary fluid 
flow the 

equality jp = c|j,> used in the iteration 

process corresponds to the energy 
conservation law and, thus, the ICED-ALE 
algorithm (Hirt, et al, 1974) seems to be 
adequate. In the case of MHD flow, the 
equality (l) is only an approximation to 
tne energy conservation law. 

Therefore, instead of the equality 
( ) , we directly apply the general energy 
conservation law to the iteration process; 
tnus, the total energy is obtained 
implicitly at the end of the iteration 
process. For the purpose of comparison we 
compute an example in which the 
convergence speed of the latter method is 


r 3t « th. 
byen " Iy densi,: ’' 

both magnetic fields on the o ° * nc ^ ude 
total energy density on m !?u ^ an< ^ ar >d 

problems of magnetohydrod5nami« r ^ f ° r 
magnetic field and fluid K be' h ® 
considered .qu.ily in suc/proMsns. 

sensitive 1 to I variatiane abgorittlnl 12 ver '/ 
positions of vertices? 3 SersfS ti3S .* n3 
m velocity and positions Sill His S3S 
numerical instahiHf,, ! Wlil P r °duce 

ing a numerical section ° btain - 

remedy this difficulty 1 rder to 

eliminate or alleviate'i-hl USS r f zonin 9 to 
stability which ll III ***. nuiner ioal 
noise (and position noise) L^ddi ^ 7 
another negative velocity noT= dd ^^9 
the vertices to thltl ? I ? olse and move 
such action^ iJ v 2 ? LSn 91 "? 1 places - ^ • - 
some electronic annsrl! liar to that in 

feedbac k = S?Mt?Sr?s t iJed"to , ’ iCh th3 

the electric noises. 3 suppress 

to BP npthod 

two-d imens ional^yl indr loaf ? f B and v in 

coordinates. i n section 5 1 (or , Cartes ian) 
the initializing caleu?Ir?' W ® describ a 
Phase in which the iX£SJc ci«II? liCit - 
density, magnetic diffusion of^T ^ 
energy augmentation due to Joul^Kl!^ 
work done by gravity and t-h. heating 
npproxination^of V the flow SLHtT" 3 " 
given. In section 3 »e dislu« ?L 
iteration process or 7 T the 

which we obtain the exxel f it: phase ' fro ® 
solution forenergv deSSt ^ 9 ”? 9 ^ 0 

magnetic field, 3». a 2 *t 

example is given from the J2fS" i 
physics to illustrate ttl r ” ld of solar 
present method? 6 th adva ntage of the 

2. INITIALIZING calculation 

astrophysics^ar^Is^ii* 0 ” 8 Used in 

al. 1969): follows (see Boyd et 


gwJitf acceleration 17, & fl ° W vel °<=ity, 

speed of lilhl ? I?' t ? as P res sure, c 

electri<? current deisilj 1 Vli^- Vity ' ^ 

fle ^ d ' B magnetic field ' A 7 i ectri< r 
used here are in c a « ' I 11 entities 

pf is the total enerav'n nd . gauss units, 
defined as ® rgy density which is 


fit 


P 

y-i 
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taken to^e^/f^for a^Iii 3 ** 0 1 7 is often 
in Astrophyics) . q i s thI 7 rH° nl2 ? d plasBa 
flux having the formulation erma 3 energy 


~ * 7 * (>&) - 0, 

3 l 

^ (.0 . _ E x B , . 7 . 4 . o 


( 2 ) 

( 3 ) 
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Q • - i gr*d t. 
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is included in the ten. - 7 . |_L 3 „ J 

The tensor tt is def-ina^ , , 
coordinates) £ined as (in cartesian 

“ - '“.u, * P,, v 

at lJ ^ ^ do) 

can he n neglected 7 comoa S ^ he electric field 
magnetic Iil?5? belause*? ^ tha • 
magnitude - |u|/c b % E # h an order of. , 
the sajpe vay'X£ (7 > 3 In 

1/4 kc E x I also Ian hi ? 9net i c mo “ e ntu* 
with the gas momentum*^ f T ign ^5 ed compared 
the viscosity term the^fi .^ en neglecting 
Pm ie ,i»plL?:d r "„ th ; 1 “ 13 ! tr “* 

^sssiSTiSris; i- Hr 

n laws take the following form: 

9 9 _ 
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where p i s augmented pressure defined as 


p * P ♦ (aVair) . 


ni) 


B ■ 0 is used in this 


In addition, the 7 
derivation. 

Figured in m thl at i^ 0nal mesh is shown in 
anfl (or I ISl ^ a ?f of which the a ^ aa * 
kept in y) rh ie ' but At «««t be 

hal a thickness*^ ? h ^ c ^ u tation volume 

SiMJSa; 1 c ang I e) or a SSSSJSi ™ 

SSdiSItS* Wndlical 

r^.!K r 

Hirt S et X ai r procedu te used by 

augmented pressures ** aa P ressures P/ 
densities I ?, ?' ten P«ratures t, gas 

S P. cell volumes V, total energy 
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densities p^ ^agnet'ic field cowpon 
marked r by b VT^tf t0 CeU cente ”, 

Pig. 2, whiie B coord?Aater ( z S > 

components (u, v , W ) ru « ft ' velocity 
u,] current densi£ pints' " 

by 1? 2, TT l" 11 

Notice that in 'this p^pe? aU^uaStlt?' 2 ' 
are independent of the azi^ih^ 1 tles 
It should be notel Joweve™ Jhat 3 ?? 1 ? 
not difficult to ext^nH thi f 
the three-dimensional case S Each^f 1 ^/ 0 
following formulae is an integration th ® 
approximation of the basic mn ! ° ■ 

either over the cell tol^me T 
surface indicated by the encl^ e H h 

l 2 A\v r rr the ««« « S ; 

1/2 (V. + Vq + V- + V 4 

indicated by enclosed”curve TTef 3 SUrface 
time/^r^rfJrlt'nied 1 ?" ° ne Ste P in 

initializing calculation This let % t ^ e 
eluded computing the current denSS 10 ' 

the current Ground 14 th| U Jertex t 4t indicates 

diffusion term - 7 x fci/\ To { agnetlc 
heating, and energy gaii/froi/th*® 
conduction . Beca^e^J the rmal 
these quantities, it is etouah 3 H ness of 
them explicitly using the last t?™f° m ? Ute 
values (not the updaLdlti*"^ 3 ~ Step 

fir^ ™^ 6 ' WS have to calculate the 
* itst-order approximation of advanced 
velocity components u- v Z anced 
tilde sign signifies the first-oJde7 ® 
approximation, in this phaseinfavor of 
entering the iteration phase. 

over law. 


in itializing calculation * 

magnetic field and SEjJJ for the 
density are represented^ 
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time-step. sup ® rscr ipt » indicates the old" 

volume^v, /^The inteor*r? d over the vertex 
hand side of Eg ° n left 

variation with tiie in*?® 3 the nome ntua . 

coordinates, so Eg m ^ gran< ?ian 

in the form: Eq ’ (3) turns out to be 
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Similarly, the other physical 

are expressed by deal he.uig’c^S" 
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For^ example where the integration 
JJ Q • ds represents the thermal flux 
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across the interface between vs»>~(-< 

3 which can be calculated as foUowsf 4 ^ 
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commencing the iteration pfoSSJre^" 6 

3 • iteration process 

obtain^new^velocities S£ h S6Cti ° n is to 

tensors. Jince the "L ^ magnetic stress 
depend on 
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which means that the mass remains const* n<- 
in Lagrangian coordinates. The inteSra? ^ 
tions of the left hand sides of Ss n<n 
and ( 20 ) are none other than the time- 19 
derivatives in Lagrangian Coordinates 
Considering that Eqs. (19) and ("ofare 


7'-^ e cnat tne terms 

v l +v 2 + v 3 + v 4)/(ri+r2 r j , 

?i sappear 

Cartesian coordinates. 

achlo3o^ 7 Gration conv ergence process is 
pT s ti SL? 0mpU£ing th f adjustments of 

magnitudes of f P s U s hl °s ”*2? T®h 
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S£ a jSin , ob 2 ii i S n * for 1010 e< 3 uati ° ns 
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'22 111 def f nit ion of augmented pressure 

re?al?on^^ e ^ tY gives the exact 
relationship between them: 

P * <-'-11 (,0 * f2-„ !l - (w , 

3 1 2 '3-s; 

fnSf 111 !? 9 5 q : (18) ib can be s ®en that the 
independent iterative variables are eithej 

1B i' °r< B d» pe) or (B,, B- , B. PI r„* 
the former is better than the latter 

law 3 Fa e nn? aV !’ t l! e J ener9y conservation 
law Eq. (20) which determines the 

rhf iat i° n *° f p -‘ 0n the oth «r hang, if 
the set of variables (B t , B r , B- , P) i s 

chosen, we do not know how to get the 

adjustment for P appropriately, it was 

for this reason that BP introduced another 
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( c * + v a) *p which expresses 
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Using the following parameters as the 
boundary conditions 


(Jo) 


relation 3p 

to t^ e ™ Si0n . Of the adi abatic sound speed 
thi=^ ® a 2 detoacoustic speed. However, 
this relation is not fully self-consistent* 
with the energy conservation law. 


-P, - 2.15 x lo a dyn«/em* , 

- 4 x 10 * 1 gra/cm 3 , 

- 4.9 X 10 4 • X , 

Z 1 » J X 10* cn. 


9 • 2.7 x io 4 ca/a* 

« ■ 5.2 x io ’ * # K/cm 
a - 4 x 10’ 4 erg/K ga-ca 


B N °and 6 R US ^ ind the ad ^stments to 
B r and B* . From Eqs. (22) - (24) it 
be seen c c? « ' ' ; AC 


S* are 


B Z . .. 

can be seen that S_, s.. a 
essentially based on B n . 

weakly depend on ( pt ) through the Y 

derivatives of velocity DU.DZ etc 
Because we only need the approximate 
values of such adjustments, it is enouoh 
to compute the variations of s s s 
associated with B.. a., r. 


fz r B r , au. Therefore^ 
the total variation of s. can be written 

" Taylor d se r ies^? ClUd * ^ 


■IS , 
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9S r 38, 

iB r + <B „. 


3B r 
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If we put AS j equal to the negative 
unsatisfactory quantity s, computed at 
each iteration cycle, then at the next 
iteration s, would turn out to be zero or 
very small, m this way, we are able to 

diminish unsatisfactory quantities verv 
quickly. 1 

4 . NUMERICAL RESULTS 
In order to illustate the Dresent 

= 

;kh- * * 

■agnetio fi.ld (p.rk.t, is,?, s „.“ * 

g-gAS^ 1 - 

ssrsavst j « -z 

solar radius (R ) ) °of tkV 

u y, it is reasonably assumed that the 
temperature varies linearly, and that Jhe 
gas obeys the ideal state e^uatio^p - r!t 
with a gas-constant R having a slow P * T 
linear (beta-dependence) variation ' -pv 
from the basic equations- lation * Thus » 


1965 ) (Allen, 1973 ; stromgren 

length®^ ' io» n ~ net i c flux tub « whose 
investigated . 1 x 10 « cm is 

propagation of phyliSf^i ' U* study ^ 
its lower half-nart ^ d isturbances along 
assume that there is _ Inside the tu be we 
field parallel to th* % C 2 n f ^ ant ma ^netic 
axis, for the 6 tube ' s vertical 
suppose that th. as °n of simplicity, 

fori; l. 

.JS2 in sr«;.°i r !? lai 

stratifications P f e to the g^avity- 
Accordinq to th» a S Sh0wn in Fi ^* 2 - 

mathematics we^ilf^o™ °5 discrete 

state of the suSif E Ute the stead y 
tube), static !? Ph ?^ sphere (outside the 
th. t.. a i “ S * bt r ae “ n ' ls that 
(see Fig? 2 *: lnde Pendent of radius r 

P * ’ P ” P * ’ Pt ' 07, 

and that the pressure only depends on z: 

p» - Pi CH'g‘(ARE> i (2ar-R | T | )*‘) . [ 1-gfAREl t , t . l2 ^rR t T J * 1 J - 

and 

une following formula: 


(33) 


T> ’ 6 - 4 xi ° 4 - (* ( ^i„)/a, 

*■ • 1 ’ 09814 x - « X 10- 
7 *6923 T l# 


- 1.5317 x IQ 3 


( 35 ) 


if onl?i th 5h T a I?K R de P end on 2 (° n index 

Dres.nt- i ^ the ® a gnetic field is 

the alLinfi?® thS tUbe ' we hava to make 
ture ii«f2 choices: i) the tempera- 

out si rf2 Slde .a the tube is the sane as tha t 

outside, and there is a difference of gas 


ov 1 rir%s^ i s:, i ^- ir?h =ut. ld . 

but the temperature is diff the same 
the inside and outside of 
the purpose of simplification tube - For 
the latter assumption that ?' We ch °ose 
that the gas density and nre« S ' W ® su PP° s e 
augumented pressure) don Pressure (or 
regardless of whether ■ ° nly on 2 
interest the point of 

numerical "resjftf are g£ 3ide °l th * tube. 

which represent ?he ^Itladv^ta)- 1 ’ 19 - 3 
present model, where the dy state °f the 
inside the tube k L? gas-constant 

10 8 considering the dynamic°ef f e \L 0944 x 
gas pressure as well ® ffect and- the - 

calculated as p, = p ( ! n!? perature are 
(Pi/ Pi )/1.0944 P i IQ?! A nCl'-Jir. 

S? ^ « D - 

following physical di^® ? pply the 

the tube's lower section?* 3 ® 00 ® ~° part of 

Thus, this di .Sr ? Sill — 

forward, and the „ ? 1Ai be put 

then, as a result S B e "? lns sti11 ' 
between the two p^rts will®! 560 ? 100 re g ion 
strong shear motion Tn p< ® l0p a 

configuration of mesh and F ^?' 1. the 

tions of velocity and ™? d th * dlst ribu- 

*. !• - ssstjs ??rr, ic «•!« *«« 

given. Fig. 5 shows thi^ 1 s ® c * ) are 
speeds of convergence for' C °“ parison of 
the first time Advance f ? 1% 
this result; it 0 + 3t, From 

present method the relativ2 that - hfi 
drops to less than lo^oSv?^ Up/p| 
iterating for three ti™.c y « after 
hand, when taking Jt t x L c ° n J: h6 other 
of BP failed to converae ^ h f raethod 
*t to o.l sec their !^® n lQ wering 

converge, but the LL began to 
very slow and may attain °fat,° nV ? rgence is 
3 or 4 iterations There atura tion after 
method has a more * rapid e2?£ a ' th ® presen t 
Furthermore, this convergence^? Speed * 
reaches its saturation g * nce hardly 
tion can still achieve "conve® tlines itera ~ 
more than 40 iterations? 9 ® nCe for 

magnetic field of soon r be with a 
force applied to part°of thf 3 lateraA 
as indicated in Fio 2 u tube's length 
the temperature) by’an inh th ° Ut increasing 
pressure. The boundary Snd?? d lateral 
follows; ™ c °nditions are as 


that is, the enhanced pressure (- u 

to the "middle 

means that such'pnLn tui3e * This 

cut off the tube and Hi d 'f 5SSUres tend t0 
parts. When t is bet^n d ? ^ into tw ° 
is taken to be 0.2 sec wh 3nd 96 sec ' ,fc 
sec., it = o .4 s4c wA.„ ?®" 96 < t < 108 
= 0.5 sec. The nu^rS * >}«• se <=. , »t 
shown in Fig. 6 and 7 r n ?h 1 3 are 
mesh configuration is ‘almSs? b»i ? 3 ?® the 
the mesh neariv Ho« Eulerian, 
p ig. 6 it can be seen n,OV6 * From 

field in the middle part of ?h e m ? 9 h® tic 
mcreasAQ ^ axr r. tube 

continues. whSn t r ? S ?oo e appl i ca tion 
intensities o? Sagneti? f?®?d th ® 

«is reach about ! * Jo 4 atlt* near the 
magnetic pressure has th e G Where the 

magnitude as tha uas order of 

other hand, with L„,? res f ure - On the 
application on^he tube ?*^ 00 of the force 
high pressure and hi^ d bou ndary, the 
invade the tube and gh K d ensity gradually 

occupy th* S5li* n oi inTtuL: 5 ?° *«• 

Part. Futhermore as ^ ower 

distribution of t4mpl r frtr2 ? n ^ g * 7 the 
as outside the tube P mor^ 1 ? side as well 
unchanged at first or less ' remains 

property of this kind % 6 * sec *> So the 
basically isothermal^ ° f s g ue ® 2 e" is 

However , y aftlr h l^ a iec° m ^| S i 31 t gn at *i»t. 

temperature in the ™?dd! i utlon of 
reaches ifJs x f tuh. ; 

times larger than fh» which is about 4 
also, that the d th ® or igfhal one. Note 

Alerting®? 'tSrtbJ ’ 

pe«sf f r tiv * 

"melon seed". P lled as a plasmoidal 
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fig- 6 . Evolution of magnetic fi.ia 
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P, p, T versus tube's radial 
distance. These figures show h,. 
evoiuti 00 of augmented pressure* 
density and temperature of the same 
tube as in Figure 6. Dashed line« 
represent the distribution at t- 
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the middle and i - 15 the Kp 3 
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numerous cases in which tha. ® Mra “ r “sign), there ar 

y-type neutral point; analytical , WIth *■‘31* < 

expressions are not a3e foflh? °f magnetic field 

nmnerical solntion fcr “ 

order to proceed. In section it Jr^ , t0 P° J °gy m 
determine the initial field tonnin 0inethods ate proposed to 

expressions are available *£P°® r f ° r which no analytical 
an give» ^ sectioti 

«»cl«d»ig ,«*** .« ta 


S._ Relaxation and C hnij n tic-Equarinn 


suggested as follows: ’ 


Relaxation 


-■eSSKSSSfr?” 


-Vpo + Po < g + -L(v r fi 0 ) XJ 9 0 =0 


where g is the gravitational acceleration, p is the pressure, 

& “ ** magnctic fie,d induction with 
P* representing the initial state 

ntio of S SSTti^l' l - "plWPB. «* 
written as, ^ pressurc >’ E^on (1) could b< 


~*Po + Pog = 0 
and 


{vxB 0 )xS 0 =o 


( 3 ) 


This approximation implies that the initial magnetic field is 
a force-free magnetic field in which the plasma is confined 
within the magn etic field and all the currents flow parallel to 
the magnetic fields. Under the present circumstances, the 
initial magnetic field would be determined solely by the 
force-free condition (i.e. Eq.3). The discretization of Eq. (3) 
in two dimensions (z, x) gives: 

"[ ( B2 z + B 1) a ( X 3-*i) + (b 2 z+B 2 x ) b {x 6 -X 3 ) 

+ k 2 + B 2 ) c (*, - *6 ) ■ + ( b) + B 2 X ) d (,, - x 13 )] + 

+2 [ ( B ?) A (*3-*l) + (*t) s (x t -X 3 ) 

+ ( 52 ) c (*8-*«) + (5 I 2 ) D (r,-x,) ] 

-n( B , B x ) A (z 3 -zM B 2 B x ) B (z 6 -z 3 ) 

+ {B Z B X ) c (z g - z 6 ) + {B z B x ) d (z, -zg )] = 0 

. . (4a) 

[ ( B Z + B l ) A (z 3 -z, ) + (b 2 +Bi) s (z s - z 3 ) 

+ ( S * + B x ) c ( Z 8 " 2 6 ) + (Bj + B] (*, - Z g )] + 

+2 [ (*,*,) (*j - ) + {B i B 1 ) b (x 6 - x 3 ) 

+ («x 5 I ) c (*,-x 6 ) + (fi i B f ) o (* 1 -* 8 ) ] 
~ 2 l( B l ) A (*J - *, Mb, 2 ) a (z s - 2 j ) 

+ (*x 2 ) c (*8 ~ z s) + (5 r 2 ) o (z 1 -Z, )] = 0 

(4b) 

where B 2 and B* represent respectively, the vertical and 
horizontal components of the two-dimensional magnetic 
field. The z and x are, respectively, vertical and hori zontal 
coordinates. The A, B, C, and D identify the cell as shown 
in Figure 1. It is well-known that the initial distribution of 
the astrophysicai plasma parameters (p 0 and is 
exponential along the vertial coordinate (z-axis) tvyausf of 
the gravitational effect, thus, it is convenient to choose the x- 
coordinate to be homogeneous and the z-axis to be 
nonhomogeneous as shown in Figure 1, such as : 

(x 3 -x x ) = -(x 6 -x 3 ) = -(xg -x 6 ) = (xj -Xg ) = Ax 
— Constant , 




P a * L ). l -(*! I ] 

—•*[(*,«,), -(* A ), -(JA)c *(«A )„] 

Ar = 0 (5b) 

In reference to Fig. 1, it could be noted that point A 
resp resents the cell-A located in the position (Zj + j, Xj +1 ), 
while the cell-B is located in (zj, Xj+j), ceU-C located on 
(zj,xj) and cell-D located in (Zj +1 , xj). This leads to Eq. (5) 
becoming an algebraic matrix system which can only be 
solved by an intention and relaxation technique. 

To perform such a computation, the first requirement 
is to set up the trial functions which are denoted by SSZ and 
SSX. These two trial functions are obtained by taiHng the 
differences between the left and right-hand sides of the Eqs 
(5a,b) and they become, 

SSZ = -( B ?) A + ( B l) A -( B *B x ) A -a+CTZ ) 

SSX = (~ b I) a +(b?) a -{B,B x ) a b + CTR (6) 

where 

a = (Z| -z 6 )/Ax , A = 4Ax/(z, - z 6 ), 

~ A 2 + Aj ~ A 4 + O (— B 2 + Bj + B 4 ), 

CTR — A 2 — A 3 — A 4 — A ( — B 2 — B 3 + 5 4 ), 
with 

A x = {B 2 -B 2 x ) a , A 2 = (B}-Bl) B ' (?) 

A 3 ={B]-Bl) c , A 4 =(Bj-B 2 x ) D 
B X =(B X B X ) A , B 2 ={B x B,) b 

B 3 =(B x B x ) c , B 2 =(B x B,) d 

If the magnetic field components B z , B x in cells B, C, and D 
are known, the relaxation coefficients could be determined 
from Eq.(6) via the variation principle, thus. 


(*« z s) — ( z « _z 3 ) = with (z, -z 6 ) not a 


constant Using these relations, Eqs. (4a, b) become. 



<?(SSZ) 

(B,) A -(B x ) A . a 

d(SSZ) 

d(SSX) 

d(B z ) A ~ 2 ^ Bz ^ A ~ ( ' Bx ^A' b 


( 8 ) 


d(££0 

^J = -2 <B X ) A -(B Z ) A . 

whae a and bare arbitrary constants as the measures of 
vertical and horizontal scale. measures of 

, / rom ^ < 8 )> we noted that SSZ and SSX are 

the ^Z B p 

e^, * “JJ* ^ "he* ' °f the Sn.«fa ofSSSort 

SI Uk ittra “°" p™* » «<*« 

heSSn (SSX) 35 661,18 “TO or very small. During the 
iterauon process, we observed significant numericd 

^ofiations for the numerial solution of ^ and EL 
sometimes this process even caused the 2ution m h* 
divergent In order to remedy this deficiency weintrorf 
a relaxation factor 'w«, during the iteratio^’rocess, thlls 

B u X) = (1 - w)B%> + W(B£ +AB Z4 ), 
s2,*' , =(l-w)S»> + M ,(S») +AS s (9) 


J XA r L - UJ XA . 

wJm« k indicates the number of iteration steps, and AB 7 , 
and AB^ are calculated at each iteration step as foiled 




PP 


-SSZ 


-ssx 


dB 


XA 

d 


dB 


XA 


'XA 



a 
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/V 



»a 


(SSZ) 


(SSX) 


■(SSZ) 
■(SSX) I 
-SSZ 

-ssx 


( 10 ) 


expressions for cell-B,C and D Theire™*, - 

be summarized as foUows The iteration procedure c 
1. Take an initial guess for B z and B Y in the whole 
“npmaMaldonain. This iuitial guess usually 

CS £ mmmaa «W« tom Urn aoalyUca 


with PP -2 (a+£)(,g^ +5^) 

f °h \ P ^ CUlar cellD ^ C<1 Se ^ 

whole domain, it is necessary to derive a set ofsimil^ 



(e 


A.B % C,D 


( B l + Bl ) 


<e 


,J J a.b.c.d 


(II) 


forfhJ’ 6 S6 ° U ^ I* zer °, but we have chosen e to be 10*5 
^S^at™ solution. The procedure was 


Quadratic Fqnati™.. f.f rfhnr[ 

we have demed a quadnuc .quaie^T 
BL >nd Bl ft on. Eq.«S) .0 assme ihauhe miaxaiioa 

equation for magnetic field at a cell. 

(^) 2 -7-fi2_ c 2 =0 

where 5. represents i? 2 and /? 2 

* f wnis D u ana , respectively, and 

c = (CTZ + CTR)l( a +b\ 

* = (b'CTZ - a -CTR)/(a+b). 

The solution of Eq. (12) gives 

2~[^ + ^4 C 2 + £■ J 


( 12 ) 


*L 


= r[ -j?+ V4c 2 + ^ ' j 


03) 


It can be shown that solutions of Eq. (12) are unique and that 

no singular points exist within the domain. With these 
solutions, we will return to the usual relaxation procedures, 
namely, we make adjustments for and according 
to 

2A = ( B ZA ) wETfr - ( B u ) OLD 
XA. = ( B xA ) iJEfy - ( B XA ) OLD 

where the (Bza>NEW and (Bxa>new are obtained from Eq. 
(13). Then, using Eq. (9), we get new approximate solutions 
for the next iteration step. Of course, these procedures will 
be earned out for cells B, C, and D during a sweep of the 
whole domain. 



III. Numerical Examples 

To illustrate the newly developed methods, we have 
selected an example for the dynamical simulation of the 
compression of two bipolar magnetic field with a x-type 
neutral point. The first step in the initialization of this type 
of simulation is to obtain the initial state which is the 
configuration of a bipolar magnetic field with x-type neutral 
points. 

To construct such a solution, we need to use the 
Qualratic Equations method as described in the previous 
section. To implement this solution procedure, we need to 
prescribe an initial state and its analytical representation as: 

= B m + -Sqj 


with 


ACZ = MAX 


ACX = MAX 


For further testing the numerical code, we performed 
a time-dependent test, that is by giving a horizontal velocity 

( u ) = —I %*** / 5 at j <, 20 and / = 0 where indices j and i 
represent the horizontal and vertical grid po ints , These 
results are shown in Figure 3 for the magnetic field 
configuration at 500s and 1000s, respectively. The initial 
plasma parameters (p 0 , T 0 , pj for this calculation are taken 
from the Harvard Smithsonian standard atmosphere model. 2 

IV. Concluding Remarks 

In this paper we have demonstrated that the 
improvement based on the Brackbill and Pracht method 
could be util ize d to construct a highly complex magnetic 
field configuration for magnetostatic equilibrium state with a 
discontinuity in the computational domain as shown in 

Figure 2 . It also shows that the method could be used to 

study the dynamical evolutionary state as shown in Figure 3. 
Finally, a solution was presented for the structure of the solar 
atmosphere which includes the thin transition region layer. 
The pl asm a parameters within this thin layer possessed 
several order of magnitude variations. The physics of thic 
study will be discussed in a separate paper by Wuer al . 3 


vi; 

Tb 


ssz 


+ B 


ssx 

z + B x 


u.jm t a.B.C.D 




5_ _ +z 0 )(^-^)]+f[ a {(z+z 0 ) 2 

™ [(Z+Z 0 ) J +(*-*,,)>] 

(15) 

with i being 1 and 2 respectively. Where B 0l and B m are 
the usual two-dimensional potential field components. By 
chosing the computation domain as 0 £ Z £ 2000 km and 
-1400£m < X < 1400*777, we set Z 0 = 280 km, X l0 = - 
700 km, and Jfjg = 700 km. With these prescribed 
conditions, we will begin our iteration according to the 
method defined in Section n. In the present calculation, the 
grid size is chosen in such a way that there are forty uniform 
grid points in the x-direction (horizontal direction) and 30 
exponentially variable grid points in the z-direction (vertical 
direction). The steady state solution obtained from Eqs. (9), 
(12) and (14) is given in Figure 2. This result has an 
accuracy to the order of 10' 3 after 1000 iterations and then 
saturates at 4743 iterations which provided an accuracy of ~ 
10* 4 . The accuracy is by 
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1. Introduction 


Applications of numerical models in the field of astrophysics seek solutions of 
hyperbolic equations inside a finite domain with boundaries on which no physical 
boundary conditions can be specified. This approach is called the free boundary 
value problem. The method of characteristics is often used to specify numerically 
such boundary conditions in order to keep false physical properties from propagating 
into the domain as investigated by Wu and Wang [1]. 

Nakagawa et al. [2] developed the method of projected characteristics both to 
specify the numerical boundary conditions and to solve for the solutions in the 
computational domain. Hu and Wu [3] used the method for the numerical boundary 
conditions and developed the FICE (FuU-Implicit-Continuous-Eulerian) algorithm 
for the solutions inside the domain. The purpose of the present algorithm is to solve 
both parabolic and hyperbolic systems of equations. The algorithm used in the test 
run of this paper is a refined version of the FICE algorithm which has been renamed 
as the NICE (Nimble Implicit Continuous- Eulerian) algorithm [4]. However, the 
method of projected characteristics requires complex formulation which may not be 
easily modified to suit different applications. 

Thompson [5] extended the concept of non-reflecting boundary conditions to the 
multi-dimensional case in non- rectangular coordinate systems. He later developed 
a general boundary condition formalism [6] for all type of boundary conditions for 
first-order hyperbolic systems. However, these boundary conditions are limited to 
fluid dynamics. Vanajakshi et al [7] then applied Thompson’s method to solv- 
ing boundary value problems in magnetohydrodynamics (MHD) particularly for 
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isothermal plasma. Consequently, for non-isothermal plasma, the semi-analytic ap- 
proach in solving numerically the eigenvectors of a modified version of the coefficient 
matrices is no longer valid. 

In this paper, a new analytic approach is presented for non-isothermal plasma. In 
addition, when there are two eigenvectors that are parallel at a boundary, a special 
treatment is devised. The theoretical approach for this study is the same as that 
of Thompson’s [6], namely, to systematise the formalism. In order to demonstrate 
the utility and accuracy of the present algorithm, numerical simulation for the 
dynamical evolution of a force-free magnetic field is presented. These simulation 

results are compared with a set of quasi-static analytical solutions given by Martens 
et al [ 8] for the accuracy test. 


2. Governing Equations 


The normalised MHD equations for a perfectly conducting fluid can be expressed 
in the following vector form: 


dp 

at +V (f ,v ) 

dv 

P ~dt +p ( y ‘ V ) v 
dp . 

^ + (v-V)p 

dB 

dt 


0 , 

~^ VP "^ BX(VXB )- V$ ’ 

-a 2 pV • v + ( 7 - 1)AQ, 

v X (v X B), 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 


where the equation of state p - pT is used in the energy equation to replace pT 
with pressure p. $ is the stress tensor or the gravitational potential or both. A Q 
is the net rate of irreversible energy (heat) gain or loss per unit volume and a is 
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lh ' SpC ' d ° f SOUnd ' Tht l ”° -on-dimensional parameters, Mach number U. and 
plasma beta 0,, are expressed, respectively, as following: 

= a--*- 

«. t,' p ° - 


Bl/ Sir' 


where the constants subscripted with (). are scahng factor, for normalisation pur- 
pose. Other scahng factors are p„ = p„/JEr„ and f„ = a./,.. 

3. Method of Characteristics 

For the convenience of using the method of characteristics on the boundary, the 
MHD equations need to be expressed 


as 


0W -, M 0W . 




+ A (3) — = E. 

C/®3 


The vector of primitive solution variables 


( 5 ) 


is 


The 8x8 matrices are 


A< 1 > = — 


1_ 

hi 


A< J > = 


1 

*2 


/ «i 

0 

0 
0 
0 
0 
0 

V o 

/ «2 

0 

0 
0 
0 
0 
0 

V 0 


= {py 

“X, 

“2, lt 3 , 

P, 

B \ , B 2 

, B 3 ). 


p 

0 

0 

0 

0 

0 

0 

u x 

0 

0 

Ux 

0 

0 

Eb. 

p 

0 

0 

0 - 

% B ' 

0 

0 

0 

Ui 

0 

0 

0 

-E*b 

a 2 p 

0 

0 

U t 

0 

0 

p 

0 

0 

0 

0 

0 

Ui 

0 

0 

b 2 

-Bi 

0 

0 

0 

«1 

0 

B, 3 

0 

-B x 

0 

0 

0 

Ui 

0 

p 

0 

0 

0 

0 

0 

u 2 

0 

0 

0 

~^B 2 0 

0 

0 

0 

u 2 

0 

0 

u 2 

Es. 

p 

0 

e*b 

p 

0 

1 0 
0 

^B 3 

-Eb.q. 

0 

a 2 p 

0 

u 2 

0 

0 

p 

0 

-5 2 

Bi 

0 

0 

U 2 

0 

0 

0 

0 

0 

0 

0 

u 2 

0 

0 

b 3 

-Bj 

0 

0 

0 

u 2 
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( 7 ) 


( 8 ) 
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a (3) = 


h* 


u 3 

0 

0 


0 

0 

0 

0 

0 

«3 

0 

0 

0 

~^B 3 

0 

0 

0 

0 

u 3 

0 

0 

0 

-^b 3 

0 

0 

0 

0 

U 3 

Ee. 

p 

E ?B l 

l fB 2 

0 

0 

0 

0 

a ? p 

«3 

0 

0 

0 

0 

-b 3 

0 

B x 

0 

U 3 

0 

0 

0 

0 

-b 3 

B 2 

0 

0 

u 3 

0 

0 

0 

0 

0 

0 

0 

0 

U 3 


\ 


(9) 


( 10 ) 


O v “ 

Of the coordinate in the ith direction for the orthogonally curvilinear coordinate 

system. The vector of inhomogeneous terms is 

l v , 2 E > =1 ' 3 Uif » ~ £-1.3 «*/«) 

I c o^< /.I - E J=l , 3 (uiU; - CoBrB^hj - (V$) t 

L,= 1 . 3 U, C 0 £,_)/, 2 - - c 0 B 2 Bj)f 2j - (V$), 

E = | ^=i.3( u i c ° 5 . )/i 3 - E ;=1|3 (u 3Ui - CoBsBjjfv - (V$ 3 

U i'f ^ 1 Ei=l ’ 3 U</ ^* - E-M “<•/«) 

1 f ^ 3I + 52/32 + 53/ ”) + *l(«l/» + « 2 /l2 + U 3 / 13 ) 

- 5l31 + 52/12 + B *f' 3 ) + *(«,/« + « 2 /„ + U 3 / J3 ) 

' U3 ^ l/21 + 5 2 /h + ^3/ 23 ) + B 3 ( Ul f 3l + „ 2 / 3J + „3/ 13 ) j 

where c 0 = 2/( 7 pM 2 /? 0 ) and 

f 1 » dh{ 

fij ~ h^dT/ 

In the j direction, where j = 1, 2, and 3, the eigenvalues of A«> are; 

= *5 = ^ = Aj * - crj. 


where 


AJ=u ; + t /t, A>=«; + tf/. 4 = < u > 


Vf = N 

= i(a I + 4 ! + v /(a>+V)J-4a>6j), 

W = l (“ ! + t! - v '(a ! + 4>)J -4a ! 6j) . 
The definition of b is 



j 1 1 2, and 3, 


( 12 ) 


(13) 
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and 


b ’ = t ‘A- 

j=i 

For simplicity, the following analysis is restrained only in direction. Details of 
the formulations in the other two directions are shown in the Appendix. 

The inverse matrix S 2 l , whose rows are the left eigenvectors / T, of A 1, which 
gives 


s r i = 


( F P a 2 
0 
0 
0 

0 
0 
0 

V 0 


where u x f = (Uj ) 2 
and bij = b t bj. C l 


0 

0 

0 

-F P 

0 

0 

0 > 


0 

0 

0 

0 

Cb 

0 

0 


0 

n 

~ ^13 

b i2 

0 

0 

C3 U\ 

-C 2 U\ 


u 

b\s 

— 6 12 

0 

0 

C 3 U\ 

-C 2 U\ 


U)v>„ - 

-buUj 

~b l3 U} 

Fp^U- 

f 

0 

Cj u) 

C 3 U X f 

i (14) 


bull) 

bi 3 U) 

F *f 

0 

c 3 u) 

C 3 u) 


VW.. 

bull) 

b X3 U } 

r f> 

0 

-CjuJ 

-c 3 «i 

- 

-v'.< - 

-w 

-*w U] 

F P ± 

0 

-c 2 u] 

-c 3 u) y 


“! = my 

1 u 1 - 

» u ff ~ 

- bl, 

< = b\ 

— 

Cb = 

\JFb/p, c , = c h bi. 


can be calculated according to the definition 


C 1 


AS-^ W 

A,s ' feT' 


(15) 


and results in 


C 


i 

i 


A. 1 


S ih a j 

*=!,* dx l 


(16) 


where & is the element of S x at row t and column k, and W k is the kth element of 
W. Then, appropriate boundary conditions are applied to specify the value of C] 
for the outwardly pointing eigenvector \\ with respect to the solution volume. 

Now d 1 = Sl C' can be solved with known Sf 1 and C 1 through the set of equations 




6 


No,. that ,K. eigenvectors (left or right, of A 1 wiU always b . linearly independent 
but the, are not orthogon^, and it is possible that an y two of them nta y be near, y 
parallel. Consequently the matrix S- nra y be ill-conditioned, because i, is close to 


the vicinity of the singularity for which 
determined. In our case, this means 


the numerical solution of Eq.(17) is poorly 
- 0. Therefore, Eq.(17) has to be solved 


analytically and the elements of the 


solution vector d\ in analytic form, are 


d\ = 

. M 7 /U } + M 3 /U} 



2{u)-u\) ' 

(18) 

4 = 

-U)b z Mi - b 2 (M 2 - 2^\ 2 d\) 



WMbl + H) 

(19) 

d\ = 

' < = < el - b,(M, - 2fi,dlt 



WfbiW+bl) 

(20) 

d\ = 




2 (£k/U/ +^7s/«J)’ 

(21) 

II 

c\ 



$26 ' 

(22) 

II 

' N 

+ b 7 V\(X, - 2«,d‘) 



ww f (b\ + b\ ) - 

(23) 

4 = 

r-^b 2 u) + b 3 U\(M 2 - 2(Ldl\ 



2 U\u){b\ + bl) 

(24) 

4 = 

~ (\*4 



& 

(25) 


where 


Mi = - C' M ), 


(26) 

(27) 


Note that <f are displayed in the solving order in which some of the soived elements 
may be used for solving the remaining unsolved elements. 
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In the case of b\ = 0,-, then, this leads to any two eigenvectors being parallel 
and the analytical solution is not defined. Subconsequently U\ = 0 and U) = 0. 
Physically, this means that the component of the magnetic induction normal to the 
boundary vanishes or the magnetic lines-of-force are parallel to the boundary. In 
this situation, a set of new eigenvectors needs to be sought. The deter min ation of 
these new eigenvectors is described as follows: 

Observing closely the original eigenvectors in the rows of Sj" 1 in Eq. (14), one 
can see that Zf, Z^, 1% , and 1% still remain linearly independent to each other, i.e., 
they are still valid eigenvectors, while 1% , Zf, Z^, and l % vanish. To find other valid 
eigenvectors, the original forms of the vanished eigenvectors are used in cooperation 
with the linearly combined eigenvectors, and then the limit bi — ► 0 is taken. If Z3 
and Ij are summed up and the resulting vector is scaled by 2U\, from which a valid 
eigenvector 


= (0, 0, 0, 0, 0, 0, 0,63, -c b b 2 ) (28) 

can be derived. Scaling the summation of Z ? and with 2u* and taking the limit 
b\ — + 0, one gets another eigenvector 

Z? = (0, 0, 0, 0, F P b 2 /a 2 p , 0, -c b b 2 , -c b b 3 ). (29) 

Since the third and fourth components of all the eigenvectors available so far are 
zero, the most natural selections of the remaining two eigenvectors linearly inde- 
pendent to the other eigenvectors are 

z[ = (0,0, 1,0, 0,0, 0,0), and Z[ = (0,0,0, 1,0, 0,0,0). (30) 
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The new Sf 1 is now 


sr = 


( Fpa? 
0 
0 
0 
0 
0 
0 
0 


0 0 0 

o 0 o 

0 0 0 

o 1 0 

U } 0 0 

~U) 0 0 

0 o n r 12 ' / ' 2 c ^°3 

Vo oo? Feb t p 

The solution of Eq.(17) becomes 


-F P 

0 

0 

0 

Fp/p 

Fp/p 

*/ 

0 


0 

Cb 

0 

0 

Cbb 2 

Cfc6 2 


0 0 \ 

0 0 

C(,6j 

0 


0 

C bbj 
■Cb ( 

0 


0 

0 

0 

0 


(31) 


d\ = 

. C\~d 



d\ = 

’ 

4 


(32) 

d\ = 

£ 


(33) 

d\ = 

, ± i 2£[ 


(34) 

d\ = 

2 -^p(l + 6 2 /n 2 )’ 

4 


(35) 


A’ 


(36) 

d\ = 

./^£L± + Cl- 


oft 

II 

2b 3 

.^Fh&±}z(C\ + cl 

? 

-2fM) 

(37) 

d\ = 

„ 26! 
A 1 - (U 

7 

(38) 


& ■ 


(39) 


/rr 7" r*“ ” «. — _ 

"• •*-• 

oW/dt can be calculated as 


The time derivati 


ive is 


<9W 

~dT = - dl -d 2 -d 3 + E. 
integrated through time with 


(40) 


W(t + At) = W (t) + 

dt 


(41) 
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to give the boundary values for a new time step. 

4. Boundary Conditions of MHD Equations 

There are basically two different types of time-dependent boundary conditions 
that generally need to be treated with the characteristics method in the simulation 
of space plasma phenomena. 

The first type of boundary condition is the non-reflecting boundary condition 
which is commonly used when there is no physical boundary involved. Encountering 
this type of boundary in the problems of astrophysics is inevitable if the simulation 
domain is in a finite volume. 

The second type of boundary condition is the coupled boundary condition which 
deals with boundaries at which only a portion of the physical properties is known. It 
is worth noticing that at any time t the boundary conditions contribute only to the 
determination of dW /dt at the boundary, and never define W itself. For example, 
a boundary treatment which explicitly sets the normal velocity of a fluid to zero at 
a wall boundary is not appropriate in the hyperbolic system. Instead one would set 
the normal velocity to zero in the initial data and then specify boundary conditions 
which would force the time derivative of the normal velocity to be zero at all times. 
One advantage of this approach is that it decouples the boundary treatment from 
the time integration of the differential equations, so that the integration may be 
performed without reference to any special time behavior at the boundaries. 
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4.1 Non-reflecting Boundary Conditions 


At the boundary Xj - x jatM , wave modes for which Aj > 0 are propagating out of 
the computational and physical domain, and C{ may be computed from its definition 
in Eq. (15) using one-sided finite difference approximation to dW/dxj, using only 
interior data. (Similarly, at Xj = Xjmit we may compute C{ from its definition in 

Eq. (15) when Aj < 0, using one-sided differences, as this case also corresponds to 
an outgoing wave.) 

However, if A? < 0, then those waves are propagating into the computational and 
physical domain and generally may not be computed from interior data. In this 
case we make use of the non-reflecting boundary condition of Reference [4] and set 
Ci = 0 (and set C\ = 0 at the inner boundary if \{ > 0), which may be done 
conveniently by replacing \j by 0 or letting dW/d Xj be 0 in the definition of £{. 

In the practical applications, two spatial derivatives denoted by Wj and Wj 
in each of the three directions (j = 1, 2, and 3) are calculated at each boundary 
point. Both spatial derivatives are calculated using one-sided differencing: Wj, 
backward differencing; Wj, forward differencing. Wj is set equal to zero at the 
boundary points Xj = evaluated with two point differencing at the points 

Xj = a >“ + and ^aluated with three point differencing elsewhere. Likewise, 
W? is set equal to zero at the boundary points Xj = Xjm », evaluated with two 
point differencing at the points - Az y , and evaluated with three point 

differencing elsewhere. The differencing scheme for these two spatial derivatives at 
different positions is summarized in Table 1. 

Then in Eq. (15), Wj is used in place of dW/d Xj when Aj > 0, and Wj is 
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Table 1: The differencing scheme for Wj and W?. 


Position 

Value or Differencing Scheme 


W} (backward) 

W; (forward) 


0 

three point 

Xj = + Ax,- 

two point 

three point 

I?” + Ax, < Xj < X™ x - Ax,- 


three point 

Xj = x“* X — A Xj 

three point 

two point 

Xj = X 1 ?** 

three point 

0 


used when Af < 0. This approach has one advantage over replacing \{ with 0: 
because the stability and accuracy of the upwind scheme in hyperbolic systems can 
be obtained. 

4.2 Coupled Boundary Conditions 

It is very difficult to give a general description of the boundary treatment for 
the coupled boundary conditions. Therefore, we have selected an example to illus- 
trate the procedures of the treatment of the couphng boundary condition. In this 
numerical experiment, the normal direction of the boundary is in the x 3 direction 
which is z in the Cartesian coordinates. The experiment is done with symmetric 
conditions in the £2 direction such that dj dx 2 — 0. The boundary conditions at 
z — 0 a rc Ui = u 3 = 0, u 2 = U 2 (£i, <), p = p 0 , and B 3 = B^xx). Since the normal 
velocity u 3 = 0, the number of outgoing wave modes is three, which is the number 
of variables on the boundary needed to be determined. These variables are p, B\, 
and B 2 for this particular example. 

Eq. (40) with d 2 = 0 becomes 

<9W 

— = -d 1 - d 3 + E. (42) 
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The known dWi/dt denoted by (TF,) f = 0 are ( p) t = 0, (u^j = 0, (u 2 ) f , (u 3 ) e = 0, 
and ( B 3 ) t = 0, whose indices are i = 1, 2, 3, 4, and 8 respectively. In the equation, 
d 1 can be evaluated using Eq. ( 15 ) and the vector of inhomogeneous terms E can 
also be evaluated assuming that the dissipation terms are either known or equal 
to zero at the boundary. Now £f, corresponding to the in-coming wave mode for 
which A? > 0 , must be evaluated such that the time derivatives can be treated as 
the known values. 

We began with the solutions d 3 of Eq. (42), such as 

Mt/uI + Ms/u? 


4 2(u 3 , - u 3 ) ’ 

d 3 = zElh^luz 

2 2U f b 3 (b\ +61) 

.3 = jgMji - - 2&<g) 

3 2Ufb 3 (b\ + bl) 

3 _ W 2 /u 3 + 

2(£ss/ u / 4- £ 3 s/u?) 

d 3 = £l 
8 &’ 


,3 = r- Mxb,u)+b x U\{M 2 -2i 3 id\) 

8 VP 2U 3 A u 3 f {b\ +b 2 7 ) 

,3 = t hEMi ~ 2 & 4 ) 

7 VP 2U\u 3 (b\ + b\) 

d 3 = ~ ^ ^ 


£ 3 
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(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 


and the eigenvalues are: 


A 3 = 0, A 2 = 0, A 3 = U 3 , \ 3 < = -U 3 , 

A l = U 3 , A 3 = -U 3 , A 3 = U 3 , A l = -U 3 . 


(51) 


The components of C 3 that need to be specified are C\, £®, £3, £®, and £ 3 . From 
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observation, one immediately noticed that, by setting ( p)t and (£ 3)1 — 0 , this 
procedure automatically determined C\ and C\ respectively. To determine the other 
three C 3 's, Mi, M 2 , and M 3 have to be solved from the simultaneous Eqs. (44), 



(45), and (43). The results are 




Mi = 

263(61 <£3 — 

*»<$), 

(52) 

m 

M 2 = 

-2U 3 f b z (b v 

^2 + 62 ^ 3 ) 4- 2U 3 d\(Uf — 63 ), 

(53) 

15 

M 3 = 

U 3 2d 3 (u) 

3\ 

U,) U f. ' 

(54) 

S2 

where <fj, d\ , and d\ can 

be obtained 

from 


— 


4 = 

e 2 ~ d\ - {ui) t , 

(55) 



4 = 

e 3 ~ d\ — (u 2 )t, 

(56) 



4 = 

e 4 - d\ - (u 3 ) t . 

(57) 


where e, is the ith component of the 

vector of source terms E. Finally, 

we have 



c 3 - 

t ~3 ~ 


(58) 



r 3 - 

~5 — 


(59) 



r 3 - 

*-T — 


(60) 


Now d\, djj, and S, can be determined from Eqs. (46), (48), and (49) respectively. 
Consequently, (p) t , (Bj) t , and (B 2 )t are obtained from Eq. (42). 

5. Numerical Experiments 

The experiments are done to verify the validity of the coupled and non-reflecting 
boundary conditions separately. The physical problem of interest is the dynamic 
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evolution of a magnetic force-free field driven by the shear motion of the foot points 
of the magnetic field lines. 

In this scenario, we consider a force-free magnetic arcade straddling a photo- 
spheric neutral line. The arcade has translational symmetry along the neutral line, 
and rotational symmetry about an axis below the surface. In this Cartesian coordi- 
nate system, z denotes the height above the photosphere, x the projected distance 
from the neutral line, and y the coordinate normal to the x-z plane along the neutral 
line. A parameter t denotes the depth of the symmetry axis below the photosphere 
(*< 0 ). 

One of the closed form analytical solutions for the physical scenaxio described 
above for the nonlinear force-free equation 

V x B = aB (61) 

obtained by Martens et al. (1992) is 


t 2 _ T 2 

B 0 z exp( 2 ) 

(62) 

B 0 \J{ 1 — r 2 )exp(< 2 — r 2 ) + C 2 

(63) 

t 2 -r 2 

B 0 x exp( 2 ) 

(64) 

(2-r’)exp(^) 

(65) 

yj{l - r 2 )exp(t 2 - r 2 ) + C 7 


where z — z + t and r 2 — x 2 4- z' 2 . The foot point of a magnetic line-of- force has a 
shear displacement along a direction parallel to the neutral line given by 

&y{x,y,z = 0,<) = tan _1 (y)y^l — t 2 — x 2 + C 2 exp(x 2 ). (66) 

Velocity of the shear motion on the lower boundary of the computational domain 
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ran easily be obtained by taking time derivative of the displacement in the above 
expression, Eq (66) such that 


v = 


— x 
t 2 4- x 2 


\fl — T 2 - x 2 + C 2 7xp (x 2 ) — tan 1 


\/l — t 2 — x 2 + C 2 exp x 2 


(67) 


The time scale used in this numerical experiment is merely a parameter to describe 
the displacement of the foot points. The magnetic arcades and the displacement 
profiles on the photosphere are shown in Figure 1 with the the parameters C = 0.4 
and in (a) t = 0 and in (b) t = = v /2 + 21ogC'. 


5.1 Test One: Verification of the Coupled Boundary Condition 

To test the validity of the coupled boundary condition, two runs are carried out 
by using mathematical model Eq. (5) with the same initial and upper and side 
boundary conditions except that the boundary conditions at the lower boundary 
in each run are different. In run one, the lower boundary is specified with the 
known physical quantities. In run two, the coupled boundary condition in the 
previous section is used to calculate the physical quantities at the lower boundary. 
The results of the two runs are then compared to validate the coupled boundary 
condition. 

In both runs, density, gas pressure, and temperature are kept constant at the lower 
boundary. The non-reflecting boundary conditions are used at the upper boundary 
and the two side boundaries since these are the arbitrarily chosen boundaries and 
no physical boundary conditions can be specified on them. In run one, the lower 
boundary is specified with all of the magnetic induction components evaluated from 
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the analytical solutions with z — 0 using Eqs. (62) - (65). 

Initially, the atmosphere is isothermal and hydrostatic. The velocity field is de- 
scribed by 


— zx 


u = 


v = 


x 7 + (z+t ) 7 


( 68 ) 


Ti T _/2 - arctan 1 ( A ■■■■■ , I 

L* + 1 V t J sfl - t 7 - x' 2 


-I- C 7 exp x /J 


arctan 


arctan -7 


u; = 


— z(z + <) 
X^ + (Z +<) 2 


(69) 

(70) 


where x' = ^(t + z) 2 -f i 2 — t 7 . 

In this test, the simulation time period is equal to one tenth of the maximum time 


and starts from zero, i.e., 0 < t < 0.041 with C = 0.4. The physical parameters are 
listed in Table 2. The domain size is 36 grid points by 25 grid points with the grid 


Table 2: Physical parameters 


Parameters 

Numerical Value 

Unit 

to 

5000 

sec 

L 

5.0 x 10* 

cm 

U 

1.0 x 10 5 

cm/sec 

7 

1.67 

Dimensionless 

R 

1.653 x 10® 

erg/g-K 

P 0 

1.67 x 10~ 14 

g/cm 3 

T 0 

3.0 x 10® 

K 

B 0 

45 

gauss 


size Ax — 4/25 and A z — 1/6. This makes the computational domain physical size 
28,000 km in the x direction and 12,500 km in the z direction (height). 
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There are four monitored stations located at the grid points (19,10), (19,20), 
(30,10), and (30,20) as shown in Fig. 2. The first two stations are close to the 
neutral line and away from the lower boundary at which the analytical solutions 
are specified as the boundary conditions. The second station is twice as far as the 
first station away from the lower boundary. The third and fourth stations are in 
the region away from the neutral line. 

At these four monitored stations, the magnitude of the vector magnetic induction 
obtained from the numerical simulation is compared with that of the analytical 
solution. The relative errors of the comparison versus the time normalized with the 
simulation period are shown in Fig. 3 for run one and Fig. 4 for run two where 
the four frames show the comparisons at four different grid points as (a): point 
(19,10), (b): point (19,20), (c): point (30,10), and (d): point (30,20). Also in each 
frame, the results of three runs with different time step are shown for the purpose 
of asymptotic analysis. The results from run one with 1000, 2000, and 5000 time 
steps in the simulation period are expressed in dash-dotted line, dashed line, and 
solid line respectively. The reason for recording results with different time steps is 
to investiage the asymptotic behaviour of the solution, i.e., the time accuracy of the 
algorithm that solve the physical quantities in the computational domain. Since 
the results with 1000 time steps are close enough to the asymptotic solution with 
5000 time steps, thus, the 1000 time steps are used as the number of time step in 
run two. The dotted line is the two-degree polynomial least square fitting of the 
curves of the error in each frame. These dotted lines indicate the center lines of the 
oscillating numerical results which deviate from the analytical solution by less than 
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M lllllul j 


2% for nin one and 6% for run two. 


From these results, it is easy to notice that the waves propagating outward from 
the lower boundary in run two are eliminated. This indicates that the forced bound- 
ary condition at the lower boundary in run one creates spurious waves while the cou- 
pled boundary condition eliminates the spurious wave generation as demonstrated 
'by run two. We may conclude that the coupled boundary condition is superior than 
the fixed boundary condtions. 

At the region of monitored station (a), the deviation of the numerical results from 
the analytical solution becomes larger as time progresses. The excessive decrease of 
the magnetic induction is caused by the convective effect of the dynamic system that 
brings in lower magnetic flux from a higher elevation through the convection process 
of a slightly over-predicted down-flowing velocity field in comparison with analytical 
solutions. As for the other three monitored points, the gradients of the magnetic 
induction in the vicinity of these points are not as large as at station (a). Therefore 
an over-predicted velocity field affects the magnetic flux very little through the 
convection process. However, this reflects the deviation of the dynamic simulation 
from the quasi-static solution, and the maximum deviation of the magnitude of the 
magnetic induction at monitored station (a) is only around 6% at the end of the 
simulation. 

5.2 Teat Two: Verification of the Non- reflecting Boundary Condition 

The non-reflecting boundary conditions are used in run one and run two of test 
one without verification because the test one emphasizes the accuracy of the lower 
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boundary. In test, two the non-reflecting boundary conditions will be investigated. 
To carry out this test, all the parameters are the same as in run one of test one 
except that the domain size is larger so that the boundary grid points imposed with 
the non-reflecting boundary condition in run one of test one become interior grid 
points in this test. Then the physical variables at these grid points resulting from 
run one of test one are compared with those resulting from this test (i.e. test two) 
in order to verify the performance of the non-reflecting boundary conditions applied 
especially in the two-dimensional case. The reason for using this setup for run one 
of test one instead of that of run two of test one is that run one of test one creates 
waves which are considered to be undesired in a real simulation but are useful for 
this test. 

Since the positions of interest in this case are the intersections of non-reflecting 
boundaries, three monitored grid points are selected. The grid point (36,25) shown 
in Fig. 2, will be referred to as station (a) which is an intersecting point of two 
non-reflecting boundaries. The other two grid points (35,24) and (34,23) will be 
referred to as station (b) and station (c) respectively. These two stations are used 
to monitor the influence of the non- reflecting boundary condition on the interior 
grid points. The comparison of the results from run one of test one shown by dotted 
lines and the results from this test in dashed lines are shown in Fig. 5 and Fig. 6 
with three monitored stations in each figure. The two physical quantities compared 
are the normalized velocity component u in Fig. 5 and the normalized magnetic 
induction component B y in Fig. 6. From these figures, the non- reflecting boundary 
condition is proven to work well in the multi-dimensional problem. 
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6. Conclusion 


A new analytic approach of solving the time-dependent boundary conditions of 
MHD flow is developed for multi-dimensional non-isothermal plasma. In addition, 
for the situation when two of the eigenvectors are parallel, the solutions of the 
boundary conditions are shown to be achievable. Numerical experiments to test 
this formalism of the coupled boundary condition and the non-reflecting boundary 
condition are presented. 

The test results of the coupled boundary condition show that the determination of 
dW/dt at the boundary which is indeed outrange the artificially defined W(cf.[4]). 
This is especially true when the defined W is the solution of a set of steady state 
equations. 

For the non-reflecting boundary condition, the test results demonstrate that the 
solutions on the upper and side boundaries in run one of test one act just like the 
solutions at the interior points in test two. The most troublesome point is the 
intersection of two non-reflecting boundaries which is one of the monitored points 
in the numerical experiment. This test proves the validity of the non-reflecting 
boundary condition in the multi-dimensional problem. 

An application of this newly developed time-dependent boundary conditions, can 
be found in the work of Martens et ai (1992). 

Appendix: Solutions of the Boundary Equations 

In the x 2 direction, the inverse matrix S, 1 , whose rows are the left eigenvectors 
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I T, of A 2 , is 



F P a 2 

0 

0 

0 

~F P 

0 

0 

0 ^ 



0 

0 

0 

0 

0 

0 

Cb 

0 



0 

—b 23 

0 

b 12 

0 

C 3 ^ 

0 

- Cl U 2 


S“ l — 

0 

b 23 

0 

-612 

0 

C 3 ^i 

0 

-c,U\ 


0 

~b u Uj 

uy ff 

—b 23 Uf 

F P ^ 

? 

ClU^ 

0 

c 3 u) 

. (71) 


0 

bnUj - 

-U}u) f 

b 23 U 2 

CiU^ 

0 

C 3 U 2 f 



0 

b\ 2 U] 

uw„ 

b 23 Uj 

F P ^ 

-C1U 2 

0 

-c 3 u] 



l 0 

~h 2 U 2 - 


~b 23 U 2 

Fpf 

-Ciu] 

0 

-c 3 uj ) 


where uj : 

= (Uj) 2 , 

* 2 , = (0?) 

2 , u) f = 

u / ~ b 2 2 , 

< = *5 

- *■], c b 

, = 

\JFb/p, Ci = c h bi, 


and bjj — bibj. The elements of the solution vector d 2 are 


where 


<*3 


A 


d\ = 


d l 


"tjt 

dl = =2- 

7 > 7 


d 2 


2(u 2 -uJ) ’ 

-UfaMr - b x (M, - 2fod») 
2Ujb 2 (b 2 + bl) 

Ujb^Mi — ~ 2 ^ 13 ^) 

2U 2 b 2 (b 2 +bl) 

N 2 / u 2 4- Af 3 /u] 

/«} + &/«*)’ 

£? 


27 


6 — 


4 


2C7M(6? + 61) 
V 2£/3„5(6> + 61) 

a - &jj 

ffl ’ 


j \f- — r 2 j_ 

*' v ‘ ^2t+l t" 


(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 
(81) 


In the x 3 direction, the inverse matrix S 3 l , whose rows are the left eigenvectors 
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/ T; Of A 3 , is 



( F P a 2 

0 

0 

0 

-F P 

0 

0 

° 1 



0 

0 

0 

0 

0 

0 

0 

Cb 



0 

^23 

b 13 

0 

0 

c 2 U\ 

~c,U\ 

0 



0 

b 2 3 

—b 13 

0 

0 

c 2 U 3 

~C\U\ 

0 


S - 1 — 

0 

~b x3 Uj - 


tf/N/ 

F P ^ 

FpU ~? 

c x u) 

c 2 u) 

0 

t (82) 


0 

buU 3 f 


-vMf 

C 1« 3 

c 2 u) 

0 

1 



0 

biaU 3 


Uful 

Fp^- 

r P 

- C X U 3 

-c 2 u] 

0 



0 

~b 13 U 3 - 



F P ^ 

p 

-c t u 3 

-C 2 u] 

0 ) 


where u 3 ■ 

= (U*f) 2 , 

= (U?) 

2 3 __ 

, U ff - 

« 3 -&i, 

and u 3 t 

= b*-ul 

. The solution vector 


d 3 is given in Section 4.2. 
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Figure Captions 


Figure 1. Magnetic field configurations and displacement profiles for the photosphere with the parameters 
C = 0.4 and t — 0 in (a) and t = t mas in (b). 

Figure 2 . The coordinate system and the locations of the monitored grid points for the experiments of 
the plasma shear flow. 

Figure 3 . The relative error of the magnitude of magnetic induction between numerical simulations and 
analytical solutions in run one (i.e. specified lower boundary conditions with known physical 
quantities) of test I at four monitored stations; (a) at (19, 10), (b) at (19,20), (c) at (30,10) 
and (d) at (30, 20) respectively as shown in Figure 2. 

Figure 4. The relative error of the magnitude of magnetic induction between numerical simulations and 
analytical solutions in run two (i.e., the quantities at lower boundary are calculated according 
to the conditions discussed in (4.2)) of test I at four monitored stations; (a) at (19, 10), (b) at 
(19,20), (c) at (30,10) and (d) at (30,20) respectivelyf as shown in Figure 2. 

Figure 5. Comparison between the coupled boundary conditions with specified lower boundary condition 
(Run one of Test I) and non-reflecting boundary condition (Test II) for the results of the 
normalized u from Esg and Esn at three monitored grid points ; (a) at (36,25), (b) at (35, 
24) and (c) at (34, 23) respectively. 

Figure 6. Comparison between the coupled boundary conditions with specified lower boundary condi- 
tions (Run one of Test I) and non-reflection boundary conditions (Test II) for the results of 
the normalized B y from Esc and Esn at three monitored grid points; (a) at (36, 25), (b) at 
(35,24) and (c) at (34, 23) respectively. 
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